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Abstract
The thesis presents targeted sensor-based devices and methods for the
training and assessment of upper extremity. These systems are all passive
(non-actuated) thus intrinsically safe for (semi) independent use.
An isometric assessment system is first presented, which uses a handle
fixed on a force/torque sensor to investigate the force signal parame-
ters and their relation to functional disability scales. The results from
multiple sclerosis and healthy populations establish relation of isometric
control and strength measures, its dependence on direction and how they
are related to functional scales.
The dissertation then introduces the novel platform MIMATE, Multi-
modal Interactive Motor Assessment and Training Environment, which
is a wireless embedded platform for designing systems for training and as-
sessing sensorimotor behaviour. MIMATEs potential for designing clin-
ically useful neurorehabilitation systems was demonstrated in a rehabil-
itation technology course.
Based on MIMATE, intelligent objects (IObjects) are presented, which
can measure position and force during training and assessing of manip-
ulation tasks relevant to activities of daily living. A preliminary study
with an IObject exhibits potential metrics and techniques that can be
used to assess motor performance during fine manipulation tasks.
The IObjects are part of the SITAR system, which is a novel sensor-
based platform based on a force sensitive touchscreen and IObjects. It
is used for training and assessment of sensorimotor deficits by focusing
on meaningful functional tasks. Pilot assessment study with SITAR
indicated a significant difference in performance of stroke and healthy
populations during different sensorimotor tasks.
Finally the thesis presents LOBSTER, a low cost, portable, bimanual
self-trainer for exercising hand opening/closing, wrist flexion/extension
or pronation/supination. The major novelty of the system relies on ex-
ploiting the movement of the unaffected limb to train the affected limb,
making it safe for independent use. Study with LOBSTER will deter-
mine its usability for home based use.
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Chapter 1
Introduction
Overview — With aging population people getting affected by neural injuries is in-
creasing. Conventional approaches to neurorehabilitation cannot accommodate for
this increasing influx of affected people given the time, cost and manpower required
for treatment. Hence, there is a dire need for improved post injury neurorehabilita-
tion processes. This introductory chapter provides the motivation for investigating
new approaches and techniques for improving rehabilitation and assessment pro-
cesses and presents the structure of this thesis.
1.1 Motivation
Neurorehabilitation is becoming an increasingly important area of research. Due to
an ageing population, more and more people are affected by brain injuries (such as
stroke, multiple sclerosis and cerebral palsy) which cause sensorimotor disabilities.
For instance, stroke, also referred to as cerebrovascular accident, is one of the leading
causes of disability in the UK and other developed countries. It can be broadly
1
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described as an injury of the brain due to a sudden blockage or lack of blood flow to
a local area, causing damage to brain tissue in that area. Depending on part of the
brain affected, it can lead to disability in cognitive, language, perceptual, sensory, or
motor abilities (see figure 1.1). In the UK alone, every year approximately 150,000
people are affected by stroke or one person every five minutes. In UK, stroke is
estimated to cost the economy around £8.9 billion per year [1].
This leads to direct costs to the NHS of around £4 billion, costs of informal
care of around £2.4 billion and costs because of lost productivity and disability of
£2.1 billion [3]. Moreover, stroke patients occupy around 20% of all acute hospital
beds and 25% of long-term beds. Furthermore, it is is estimated by the World
Health Organization (WHO) that the stroke affected population will increase by
30% between 2000 to 2025 [4]. These figures clearly indicate a need for effective
post injury rehabilitation and assessment process.
1.1.1 Conventional Rehabilitation and Assessment
There exists a wide range of physiotherapeutic methods for the post-accident treat-
ment (rehabilitation) and assessment of neural injuries.
Assessment, a number of widely accepted, standardised and validated clinical
scales exist [6, 8, 9] for classifying disability at impairment, functional and activity
levels of health as defined by the ICF (International Classification of Function-
ing, Disability and Health) [10]. These scales are used by therapists to determine
the progression of the injury in order to devise an appropriate treatment strategy.
Broadly, these clinical scales can be divided into three categories: 1) performance
rating scales in which a therapist rates the performance of subject based on task
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Figure 1.1: Stroke occurs due to blockage or sudden lack of blood flow to part
of brain causing damage to brain cells (top)(top-left: adopted from edenon-
line.net/pages/stroke.htm, top-right: adopted from en.wikipedia.org/wiki/Stroke).
Depending on the part of the brain affected it can lead to cognitive, language, per-
ceptual, sensory, and motor abilities or combination of these (bottom) [2].
performance i.e., Fugl-Meyer, Chedoke McMaster and ARAT [5, 6, 11]; 2) user re-
ports in which participant answers a set of disability-relevant questions to grade
his/her disability level for example motor activity log and Abil Hand [12, 13]; 3)
simple instrumentation which are generally using a single sensor based device for
example hand-held dynamometer [14]. Although these scales are currently used as
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Figure 1.2: Figure shows three of the many scales traditionally used for assessment
of motor disability. From left to right ARAT [5], Fugl-Meyer [6] and Box and Block
test [7].
gold standard for assessing motor disability, most are subjective, being ordinal, have
low resolution (sensitivity to change) and are non linear. Furthermore, the time re-
quired to perform the tests discourages their regular administration to track and
understand sensorimotor recovery.
Rehabilitation on the other hand involves highly interactive one-to-one reha-
bilitation sessions with a therapist. The therapist plays the role of a coach, training
and guiding participants to relearn essential motor exercises, through social and
physical interaction (see figure 1.3) [15]. The exercises are designed to promote
reorganization of the brain, decrease muscle spasticity, tone and increase strength
of muscles. Physical interaction involves both active and passive haptic guidance
while social interaction involves encouragement, feedback and motivation for the
subject in order to promote active participation from the subject during the task.
Additionally, therapists also spend considerable effort in setting up, controlling how
the patient practices, and continuously adapting functional tasks and exercise to the
subject.
Due to high demand for therapy (which will increase in future due to an aging
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Figure 1.3: Conventional method of rehabilitation is one on one interaction be-
tween the stroke survivor and therapist in order to relearn essential motor func-
tions or tasks. Therapist guides the subject using haptic and or verbal instruc-
tions(left panel: taken at University College London Hospitals, middle panel from
www.neuroaid.com, right panel from ben.org.uk).
population) there has been a particular interest in using technology assisted systems
for rehabilitation, with the objective of decreasing the therapist’s work load and to
allow training with minimal supervision (at home and in the clinical environment)
at an affordable cost. Technology intervention can be used as an assessment tool and
offers the possibility to better understand and improve neurorehabilitation. With
the help of precise sensors, the patient’s degree of paralysis/disability can be assessed
more systematically and with efficient algorithms, the subject can be offered more
precise exercises ensuring quality and also increasing intensity of required training
resulting in better and faster motor recovery.
1.1.2 Technology Intervention in Neurorehabilitation
Technology intervention in rehabilitation and assessment has been investigated and
has provided promising results particularly in post stroke patients. A number of
devices have been developed in the last couple of decades. Based on technological
aspects (actuation, cost, ease of use) of the designed rehabilitation system, we can
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divide the rehabilitation systems into two major categories: actuated/active systems
and passive sensorised systems.
1.1.2.1 Actuated System
Actuated systems (AS) have active elements (actuators) that can provide assistance
to participants. Robotic devices developed for robot-assisted therapy fall under this
category [16–18]). These systems vary in their technical design (e.g. exoskeleton
robots [19–21]) or end-effector based robots [22–25], and complexity (number of
Figure 1.4: Active assist systems generally have complex designs with multiple de-
grees of freedom, from left to right figure shows three devices MIT-Manus [26],
ARMin [20, 27] and GENTLE/S [28] for training upper-limb motor functions.
degrees-of-freedom) based on the types of tasks that they are designed to support
and assist. Existing devices can support planar reaching, 3-D reaching, single joint
exercises, and also hand function [29–31]. Various kinds of control algorithms are
used to provide assistance to stroke subjects for task completion, while practicing
therapy tasks [30]. Multiple types of feedback are offered (visual, tactile and audi-
tory feedback) to guide subject along with haptic assistance. From an assessment
perspective multiple measures have been designed for continuously analysing change
in motor disability. Overall, AS are clinically well studied systems and have shown
improvement equivalent to conventional therapy on standard clinical scales.
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Some of the main objections raised against AS include limited understanding
of the role of robotic assistance in improving motor function i.e. are they really
necessary and efficient? [32–35]. Beside this, AS systems are generally expensive,
bulky, require the constant presence of a therapist/engineer for technical assistance
and safety reasons, and hence in the current stage, are only suitable for inpatient
rehabilitation [36, 37]. Types of therapy exercises implemented also tend to train
localized joint movements which only improves the subject at the impairment level
and does little to improve skill (functional abilities) in performing activities of daily
living (ADL) [18, 32, 35, 38].
1.1.2.2 Passive Sensorised Systems
Passive rehabilitation systems are non-actuated systems, here also referred as sensor-
based devices/systems. Such devices generally use relatively low cost, unobtrusive
sensors for assessment purposes [39–42], which can be easily worn [43, 44], placed
in instrumented objects [45–49] or can be part of interactive passive (non-actuated)
assessment or a rehabilitation environment [50–52]. Being passive, these devices
tend to be safer for home use or in small clinics and, depending on the type and
number of sensors used, can measure simple single parameter tasks (i.e., the ap-
plied force) to complex dynamic movements of limb (i.e., velocity, coordination of
joints etc.) [39, 53–55]. From the rehabilitation perspective, sensor based systems
provide a cost efficient, simple, unobtrusive alternative to promote repetitive vol-
untary movement while ensuring quality with the help of feedback from sensors.
Finally, being unobtrusive, the training modalities implementable with these sys-
tems can match more closely with task-oriented approaches to therapy - a top-down
approach to therapy that is based on the idea of training tasks that are meaningful
7
1. Introduction
to the patient which is a well documented therapeutically beneficial approach to
rehabilitation [56].
Figure 1.5: Sensor based systems, from left to right: (1) A haptic rehabilitation
apparatus, for training tasks similar to every day task of lifting glass of water [49],
(2) The Philips Rehabilitation Exerciser, inertial sensor based motion recording
system [57], (3) a setup to train exercises similar to eating using knife and fork and
drinking from a cup [51].
In summary, sensor based systems are promising for independent, decentralised
therapy and assessment covering the whole health spectrum of functional activity
and participation. However, such systems are still in their early stages and there is
a need to design and investigate more efficient and novel practical solutions for both
post injury assessment and rehabilitation.
Therefore, this thesis investigates both i) methods for the design and develop-
ment of efficient sensor-based systems, and ii) identifies potential measures and data
processing techniques for neurorehabilitation. While the whole thesis lies under the
broad umbrella of neurorehabilitation, the chapters are designed to be self-contained,
covering different but important components of neurorehabilitation. An introduc-
tion relevant to each topic is presented at the beginning of the chapter, and the
results are discussed at its end.
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1.2 Thesis Structure
The thesis presents tools to investigate clinically useful kinetic and kinematic pa-
rameters for assessing upper limb motor functions. Possible low cost quality ensured
sensor based devices for rehabilitation of motor functions are also presented.
1.2.1 Chapter 2: Isometric Assessment
The relationship between isometric force/torque strength and control measures of
multiple sclerosis and healthy population using the designed isometric system is dis-
cussed. The results show the relationship of these measures with functional disability
scales and how the applied direction of force/torque can affect these measures.
1.2.2 Chapter 3: MIMATE
A novel platform particularly designed for developing rehabilitation and assessment
is introduced. The chapter presents the main features of this platform including
feedback and data acquisition modes and their use in teaching the design of reha-
bilitation/assessment systems.
1.2.3 Chapter 4: Intelligent Objects
Intelligent objects (IObjects) are mutli-sensor-based objects designed for assessing
and training uni-manual, bi-manual and fine manipulation tasks relevant to ADL.
This chapter presents the design and development of these objects followed by pre-
liminary testing and results to demonstrate the potential of these devices to assess
motor performance.
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1.2.4 Chapter 5: SITAR
The IObjects are part of SITAR (System for Independent Task-oriented Assess-
ment and Rehabilitation), designed to assess and improve upper-limb sensorimotor
functions, imitating daily living activities. The chapter presents the system as well
as preliminary results of assessment using it with stroke and healthy population.
Finally it briefly discusses potential of the system as a rehabilitation device.
1.2.5 Chapter 6: LOBSTER
A more compact system to train the hand function is the LOBSTER (LOw-cost
Bimanual Self-operated Trainer for Engaging Rehabilitation). The LOBSTER is a
novel bimanual system in which the unaffected side can train the affected side. The
chapter addresses hardware and software components of the system and also how
these can be uses to independently train motor performance.
1.2.6 Chapter 7: Discussion and Conclusion
The chapter summarizes the results obtained and how we can use the information
gained to design better systems for assessment and rehabilitation. It also discusses
possible future directions for investigation.
Overall, the mechanical, electronic and software design, the testing with healthy
subjects and all aspects of clinical trials could not be carried out alone for the several
systems I have developed in my thesis. My contributions and the contributions of
all main persons involved are described in the overview of each chapter.
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Isometric Approach to Assessment
Overview — This chapter presents a study using a designed isometric system
to investigate the connection between isometric strength and control for different
directions in multiple-sclerosis (MS) patients. The study also investigates corre-
sponding relationship of these measures to sensorimotor capability. The results
indicate good correlation between isometric strength and control (measured by spec-
tral bandwidth) measures and also indicate good correlation of both measures with
impairment scales. Overall the results show the feasibility and effectiveness of using
proposed isometric measurements in selected directions as a method to assess the
motor function in MS patients.
This chapter follows a paper submitted to the Journal of NeuroEngineering and
Rehabilitation. I was involved in the conception of the study and development of
the study protocol, developed the hardware and software of the experiment setup,
participated in the clinical study with MS patients and collected the data from the
healthy controls, and was responsible for the data analysis. Sivakumar Balasubra-
manian was involved in the conception of the study and the protocol and carried out
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the data analysis with me. Sarah Guy was involved in the conception of the study,
development of the protocol and running the experiments with the MS patients. Ilse
Lamers and Peter Feys, from Hasselt University in Belgium, were involved in the
recruitment and running the experiments with the MS patients. Etienne Burdet was
involved in the conception of the study, participated in the design and coordination
of the entire study.
2.1 Introduction
As highlighted in introduction, standard approach to assess sensorimotor control is
subjective, and lacks sensitivity; it also does not provide sufficient details and insight
into the nature of the disability, which could provide valuable information for ther-
apy planning. In recent years objective, precise and sensitive approaches have been
proposed for the quantification of sensorimotor function based on the use of robotic
and sensor technologies [42, 58–64]. A particularly simple objective method is the
isometric force/torque measurement, where subjects interact with a sensing system
that quantifies the applied force/torque in a static posture. Isometric studies are
commonly used in several fields such as motor control [65], aging [66, 67], neurore-
habilitation [62, 68, 69] to investigate and assess human motor control. Isometric
measurement setups can be used to probe different aspects of human neuromuscular
control: strength [70–74], inter-limb coordination [75, 76], force control (amount and
nature of variability) [62, 65–67]. All of these are important features of a healthy
sensorimotor system, which are affected to varying degrees by different neurological
conditions, such as stroke, spinal cord injury or MS. Several studies have investi-
gated the nature of these aspects in patients with neurological conditions (primarily
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in stroke patients) and compared them to healthy behaviour [62, 66, 67, 70–73, 75–
78]. This paper focuses on two of these aspects strength and control in individuals
affected by MS.
Muscle strength is an essential requirement for producing motor output. Force
generated by the muscles is required to accelerate the limb, overcome gravity and
interact with the environment. Thus the ability to perform everyday activities is
likely affected by deficits in muscle strength, as was shown in stroke patients in both
the upper [70, 72, 73] and lower extremity [71]. Furthermore, the strength deficits
in the different muscles of a limb have also been found to be correlated with each
other [70], even though some muscles tend to be more affected than others [74]. In
fact, some strength measurements are already used in routine clinical practice using
dynamometers, for example the Jamar test [79–82] uses a dynamometer to assess
hand grip strength.
Another arguably equally important factor to carry out activities of daily liv-
ing (ADL) successfully is the precise control of force required for moving the arm
smoothly to a desired location in space, or to apply the appropriate force to ma-
nipulate an object. Force control has been investigated previously [62, 83, 84] from
two points of view the amount of variability and the nature of variability of the
force output. The effect of the amount of variability is observed as the precision in
the task performance. On the other hand, the nature of variability (complexity) is
considered to be related to the adaptability of the neural system producing the force
output [78]. Lodha et al. found that stroke increases the amount of force variability
(coefficient of variation) and makes the temporal structure of the force output more
regular (less complex), as measured by approximate entropy [62]. Both the coeffi-
cient of variation and approximate entropy were found to be well correlated with
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the Fugl-Meyer assessment of sensorimotor impairment [62].
Given the two seemingly independent aspects of strength and control, and their
respective connections to sensorimotor capacity, the study presented in this chapter
investigates both of these factors in order to attempt to provide a comprehensive
picture of a subject’s sensorimotor ability. In particular, what each of these strength
and control aspects measure, how different task directions affect these measures,
and how they relate to sensorimotor capability as measured by common clinical
assessments. The study investigates strength and control in the upper-extremity
through an isometric task requiring the application of force/torque in six different
directions up, down, push, pull, supination and pronation. Isometric strength
was measured by asking patients to apply maximal voluntary contraction (MVC),
while the isometric control measures were estimated through force/torque control
tasks where subjects had to apply 25% of MVC of force/torque in different specified
directions, both tasks were carried out on a custom designed isometric system.
2.2 Method
2.2.1 Apparatus
The hardware setup designed for carrying out the tasks in this study (for measuring
isometric forces/torques) consisted of a handle with a grip and an arm support,
attached to a six-axis force/torque sensor (ATI Mini-40, ATI Industrial Automation
Inc.) as shown in figure 2.1. The force applied on the handle and on the support
was measured by the sensor. This setup was firmly fixed to a height adjustable table
using clamps, allowing easy adjustment of the vertical position of the handle for pa-
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Figure 2.1: Shows the hardware setup used for the study. It consists of a handle
with a grip and an arm support, attached to a six-axis force/torque sensor. Visual
feedback to the user consists of two markers 1) a green marker to display the actual
force/torque applied by the subject, and 2) a red marker for indicating the desired
force/torque level required.
tients of different heights. The force sensor was interfaced to the NI-USB-6009 data
acquisition unit (National Instruments Corporation) connected to a laptop com-
puter running a LabView program to collect data at 200 Hz. Force/torque level was
displayed on a computer screen as feedback to the subject. Figure 2.1 also displays
a screen shot of the visual feedback provided to the subjects. Visual feedback con-
sisted of two markers 1) a green marker to display the actual force/torque applied
by the subject, and 2) a red marker for indicating the desired force/torque level
required, which is used in force control tasks as described later in this section. Both
markers moved along the vertical proportionally to the corresponding force/torque
value.
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2.2.2 Participants
A total of nine right dominant subjects affected by MS (n = 9, range35− 65, 45.6±
10.9) and four right dominant healthy subjects (n = 4, range 31 − 72, 45.5 ±
19, 3 Male) subjects was carried out at Rehabilitation and MS center Overpelt,
Belgium and approved by Ethics Committee of Hasselt University and the local
committee of the rehabilitation center. Assessment of the healthy control subjects
was carried out at Imperial College London and was approved by the joint research
ethics committee of the (UK) National Hospital for Neurology and Neurosurgery
and the Institute of Neurology in London and Imperial College Research Ethics
Committee (ICREC). The following inclusion/exclusion criteria were used to select
the MS subjects:
Table 2.1: Details of the nine MS subjects that participated in the study. (L: left, R:
right and A: Ambidextrous) (SP: Secondary progressive, PP: Primary progressive)
Inclusion criteria: Subjects were included in the study if they could initiate a
forward reach (grade 1 on Medical Research Council (MRC) scale at shoulder and
elbow) and were able to understand the task and concentrate adequately to perform
it.
Exclusion criteria: Subjects were excluded from the study if they had no upper-
extremity deficit, had severe co-morbidity including severe osteoarthritis, rheuma-
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toid arthritis, significant upper-extremity trauma (e.g. fracture, or peripheral neu-
ropathy), or had difficulty in understanding the task.
Figure 2.2: Flowchart of the experimental procedure used for the current study.
2.2.3 Procedure
Figure 2.2 shows the flow chart of the experimental procedure used in the study. A
standard clinical assessment was carried out for the MS subjects, and an isometric
assessment was carried out on both healthy and MS subjects.
Standard clinical assessment: On body functions and structures level of the ICF,
the Motricity Index (MI) was conducted to assess upper limb muscle strength (pinch
grip, elbow flexion and shoulder abduction) using a 6-point ordinal scale (normal
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score=100). Hand grip strength (kg) was measured using the Jamar hand-held
dynamometer assessment to measure muscle strength. On activity level, manual
dexterity was assessed using the Nine Hole Peg Test (NHPT). The time needed to
place and remove nine pegs from nine holes was registered. The Action Research
Arm Test (ARAT) was conducted to assess the persons ability to handle different
objects (normal score=57). All outcome measures were conducted with both upper
extremities. Current hand dominance was determined using the Edinburgh Hand-
edness Inventory (EHI) [85]. In addition, the most impaired arm was determined
by a question: Which arm is most impaired? The standard clinical assessment
was carried out no more than a week before or after the isometric assessment by a
therapist.
Isometric assessment: The isometric assessment was carried out on both up-
per extremities by a therapist. The isometric assessment consisted of two types of
tasks: (a) isometric strength task, where subjects were instructed to apply the max-
imum force/torque in a specific direction to assess their strength; and (b) isometric
force control task, in which subjects had to apply and maintain a desired level of
force/torque using visual feedback; the desired force/torque level was set as 25% of
the maximum strength in a specific direction (estimated from the isometric strength
task). These two tasks were carried out with both upper-extremities in six differ-
ent directions up, down, push, pull, pronation and supination. Table 2.2 describes
the specific details of these different directions and the exact instructions given to
the subjects when applying force/torque in these directions. The strength task was
carried before the force control task, as the desired force/torque level for the force
control task depends on the subjects maximum strength in any specific direction.
Subjects were seated on a chair with a back support (or wheelchair depending
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Direction Task description Primary muscle groups
Up Apply force on handle in the upward di-
rection, using just your forearm (elbow
flexion)
Biceps
Down Apply force on handle in the downward
direction, using just your forearm (el-
bow extension)
Triceps brachii, Anconeus
Push Apply force on handle in the forward
direction, using upper arm (shoulder
flexion)
Pectoralis major, Biceps
Pull Apply force on handle in the forward
direction, using upper arm (shoulder
extension)
Triceps
Pronation Apply torque on the handle to move the
palm to posterior facing position using
forearm rotation (pronation)
Pronator teres, Pronator
quadratus
Supination Apply torque on the handle to move the
palm to anterior facing position using
forearm rotation (supination)
Supinator, Biceps
Table 2.2: Summary of isometric assessment tasks along with significant muscles
groups involved.
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upon the severity of neurological injury) in a symmetrical position, with extended
trunk. The therapist ensured that at the start of each trial the subjects scapula was
aligned with the trunk and the glenohumeral joint was in neutral position, elbow
flexed to 90◦ with forearm in mid prono-supination, and the hand was gripping
the handle (figure 2.1). The computer monitor for visual feedback was positioned
in front of the subject at a comfortable height and distance from him/her. No
physical trunk restraint was used during the experiment; however the subjects were
instructed to limit their trunk movements while performing the task. When a subject
used compensatory movements on a trial, (s)he was made aware of the movement
by the therapist and the trial was repeated.
The protocol used for carrying out the isometric assessment consisted of the
following steps:
1. One of the upper-extremity was chosen at random and the appropriate ad-
justment to the subjects seating and the setup was made to have the subject
positioned appropriately for carrying out the task.
2. One of the six directions up, down, push, pull, pronation and supination
was selected in that specified order and the appropriate visual feedback was
displayed on the screen. Subject was oriented to the visual feedback through
demonstrations made by the therapist or the engineer applying force/torque
on the handle.
3. The maximum strength for the chosen direction was first estimated through
the isometric strength. The subject was asked to apply as much force/torque
in the chosen direction. Two trials were carried out for this task with each trial
lasting for 6 seconds. A rest period of 15 seconds was provided between the two
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trials (8-15 seconds for the healthy subjects). The rest period was extended
if the subject required longer rest. The maximum strength estimated from
the second trial was then used to set the desired force/torque level (by the
LabView program automatically) for the force control tasks that followed the
strength assessment. The maximum strength was calculated by taking the
mean of the last two seconds of force/torque data collected from the second
trial of the strength assessment.
4. The force control ability of the subject was then assessed through the isometric
force control for the chosen direction. The subject was instructed to apply and
maintain force/torque as closely as possible from the desired level using visual
feedback. Three trials are carried out, each lasting 15 seconds, which gave
the subject enough time to reach and settle around the desired force level; 15
seconds of rest was provided between two successive trials.
The four steps above were repeated for all six directions and the two upper-extremities.
2.2.4 Data Analysis
The analysis of the force control data involved the segmentation of force/torque
data, feature extraction, and the statistical analysis of the relationships between the
different features and their comparison to the standard clinical scales. This section
focuses on the data segmentation and feature extraction methods used in the data
analysis; the statistical analysis is described in the following section.
A typical example of the temporal profile of the force/torque signal recorded
from a single force control measurement trial is shown in figure 2.3. The initial 7
seconds of force/torque data corresponding to the initial stabilisation were ignored
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Figure 2.3: Plot of the force time series measured for an isometric control task in
the push direction for (a) a MS and (b) a healthy subject. The top plots show the
time series for the entire trial duration of 15 seconds. The portion of the time series
used for the analysis is highlighted in a thick trace in the top plot is shown in the
bottom plots. The corresponding desired force level is indicated by the red line.
in the analysis. This segmented data (without the initial 7 seconds) were used for
calculating the following isometric control measures (features) for the two groups
(MS and healthy): force/torque accuracy, direction control, force time series regu-
larity (sample entropy), and spectral bandwidth. The data recorded from the force
sensor were first re-sampled at 200 Hz, yielding uniformly sampled data from the
raw data which was not sampled uniformly.
Coefficient of variation: The ability to maintain a desired force/torque level
accurately was estimated by calculating the coefficient of variation (COV). COV
is a measure of dispersion (or variability) of the signal from its mean value. It is
calculated as the root mean square error (σf ) of the force/torque signal normalized
with respect to its mean (µf ).
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COV =
σf
µf
, µf =
ΣNn=1fi[n]
N
, and σf =
2
√
ΣNn=1(fi[n]− µf )2
N − 1 , where i (x, y, z)
(2.1)
where fi[n] is the segmented force/torque profile in the i
th direction, n the time
index, N the total number of samples in the segmented force/torque profile used for
the analysis, and fdi is the desired level of force in i
th direction.
Direction control: The force/torque directional control is a measure of the amount
of force/torque applied in the desired direction relative to the total applied force/torque.
It is estimated by taking the ratio of the sum of the absolute force (or torque) ap-
plied in the desired direction to that of the sum of the absolute force (resp. torque)
in all the directions. The ideal value for this measure is 1, which indicates no force
(resp. torque) in the undesired direction.
DirectionControl =
ΣNn=1|fd[n]|
Σi(x,y,x)ΣNn=1|fi[n]|
(2.2)
Where, d represents the desired direction, fi[n] is the segmented force/torque
profile in the ith direction i  (x,y,z), and fd[n] the force in the desired direction.
Force/torque time series regularity: during a force control task was quantified
through the sample entropy [86]. The sample entropy is a measure of the rate
of generation of information in a time series. It is a regularity statistic in which
lower values correspond to high predictability in the time series, while higher values
indicate more random behaviour. Sample entropy, SampEn(m,r,N), is defined as
the negative natural logarithm of the conditional probability (CP) that a dataset of
length N, having repeated itself within a tolerance r for m points, will also repeat
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itself for m+1 points, without allowing self-matches [86]:
SampEn(x,m, r,N) = ln[
Cm(r)
Cm+1(r)
] (2.3)
where x represents the timer series, m specifies the pattern length, and r defines
the criterion of similarity, selected as a percentage of standard deviation of the time
series x. Cm(r) represents the number of time patterns of length m from vector x
repeat within r of the standard deviation of time series, excluding the self-match.
In the current analysis, m was selected to be 2, while r was set to 20% of standard
deviation of x.
Spectral bandwidth: is a simple and intuitive measure that can be used for cap-
turing the changes in the regularity observed between healthy and disease affected
physiological signals is the spectral bandwidth, which is a measure of the ability of
a subject to modulate force at low and high frequencies. The spectral bandwidth
(fBW ), is defined as the frequency such that a percentage of the total power in a
mean subtracted time series is contained between 0 Hz and this frequency:
∫ fBW
0
P (f)df = r ×
∫ ∞
0
P (f)df (2.4)
where P(f)=| X(f) |2 is the power spectral density of the time series x(t), and
r[0,1]. In the discrete time case, this can be estimated by calculating the Fourier
power spectrum of the mean subtracted time series, and normalizing it by the total
power (calculated as the sum of the power at the discrete frequencies between 0Hz
and 100Hz (which is half the sample frequency). The spectral bandwidth is then
calculated as the frequency that contains 90% of the total power in the signal (r=
0.9).
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2.2.5 Statistical Analysis
Statistical analysis was carried out on the isometric strength, control measures, and
the standard clinical scales, in order to answer the following questions:
1. Can isometric strength, and clinical scales distinguish between the more and
less affected arms of MS patients?
This was investigated by carrying a Wilcoxon signed-rank test on the nor-
malized strength and clinical scale differences between the more-affected and
less-affected arms of MS patients. The normalization yielded a measure of
difference between the two arms independent of the magnitude, scale and unit
of the individual measures. The normalized differences were calculated using
the following equation:
∆Mn =
Mless −Mmore
Mless
(2.5)
where, ∆Mn is the normalized difference, Mless and Mmore are the measures
of interest for the less and more affected arms, respectively. This normal-
ized measure was used to test difference in clinical scales, and the strength
differences for the each direction and also all directions as a whole.
2. Is there a difference between the isometric force control measures between MS
and healthy subjects?
3. Do the isometric control measures differ for different tasks, and between the
more and less affected arm for an MS subject?
Questions (2) and (3) were investigated by fitting a linear mixed effects models
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and carrying out ANOVA to estimate the effect of the different factors. The
details of the different models fit to the data are shown in Table 2.3.
4. How do isometric strength, control and the clinical scales relate within and
with each other?
The intra- and inter-relationship between the isometric strength, control and
clinical scales were investigated through Spearman rank correlation method,
which was chosen as some of the data do not follow a normal distribution.
2.3 Results
Isometric data was collected from a total of 9 MS subjects and 4 healthy subjects;
additionally, clinical data was also collected from the MS subjects. The force data
for a typical MS subject and a healthy subject are shown in figure 2.3(a) and 2.3(b),
respectively. These data correspond to the push direction, i.e. applying force in
the positive z-axis as shown in figure 2.1. The graphs suggest that: i) the amount
of variability relative to the mean applied force is greater for the MS subject than
that of the healthy subject, resulting in higher values of coefficient of variation for
the MS subject; ii) the temporal structure of Fz for the MS subject appears to be
more regular than that of the healthy subject, exhibited by larger values for sample
entropy for the healthy subject compared to that of the MS subject; iii) the signal for
the MS subject tends to fluctuate at a slower rate than that of the healthy subject,
resulting in a lower value for spectral bandwidth for the MS subject.
Let us now investigate these observations systematically on the 6 different di-
rections performed by all subjects. The normalized differences between the more
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Table 2.3: Description of the different linear mixed effects models fit to answer
questions (2) and (3).
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and the less affected arms in terms of the standard clinical scales and the isometric
strength measurements are shown in figure 2.4. There is a clear difference between
the two arms in terms of the clinical scales, with the less affected arm perform-
ing better. The normalized differences for all MI (p<0.03) and ARAT (p<0.02)
were found to be greater than zero, and that of NHPT less than zero (p<0.01).
The normalized difference for JAMAR did not reach significance (p>0.08). On the
other hand, the isometric force did not exhibit differences between the more and less
affected limbs (p>0.41).
Figure 2.4: Plot of normalized difference between the more affected and less affected
arms in terms of (a) the standard clinical scales, and (b) the isometric strength for
the individual directions (boxplots in light red) and all directions as a whole (box
plot in dark red). A clear difference between the two arms can be seen with the
clinical scales, but it is not so with the isometric strength.
Figure 2.5 summarizes the different isometric control measures in the MS and
healthy study populations. Statistical comparisons within and between the two
populations were carried out by fitting different linear mixed effects (LME) models
to the data for all isometric control measures except the coefficient of variation.
These models were then used to carry out an ANOVA comparing the fit between
the appropriate models in order to test whether there is a difference between the
isometric force control measures between MS and healthy subjects, as well as for
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different directions, and between the more and less affected arm for an MS subject.
Coefficient of variation was left out of the statistical analysis because of the strong
violations of the assumption of equal variance for ANOVA.
Figure 2.5: Summary plot of the four isometric measures for the MS (red box plots)
and healthy (blue box plots) study populations. The left column of plot compares the
MS and healthy populations in terms of the different directions, while the plots on
the right column compare the difference between the more affected and less affected
arm for the MS population, and between the left and right arms for the healthy
subjects. It must be noted that the y-axis scale for the coefficient of variation has
been restricted to the interval [0,0.3] to display the box plot properly, but there were
some outliers in the data well outside this interval.
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2.3.1 Direction Control
Direction control was found to be significantly different between the MS and healthy
populations (X21 = 5.5, p < 0.02). Within the MS population, the level of direction
control varies significantly for different tasks, while no statistical difference was found
between the more-affected versus the less affected arms (X21 = 0.7, p > 0.39).
2.3.2 Sample Entropy
Sample entropy was not found to be significantly different between the MS and
healthy populations (X21 = 3.8, p > 0.05). However, figure 2.5 exhibits clearly differ-
ent patterns between an MS and healthy subjects. This mismatch of the statistical
test is due to two MS patients (subject-4 and subject-6 in table 2.1) with very
good motor control (as evidenced by their scores on the different clinical scales),
as neglecting these two subjects reveals a different sample entropy in the MS and
healthy populations (X21 = 9.3, p < 0.003). Within the (full) MS population both
directions (X25 = 28.8, p < 10
−04) and arm (X21 = 6.1, p < 0.02) factors were found
to significantly affect the value of sample entropy.
2.3.3 Spectral Bandwidth
Spectral bandwidth exhibited the same trends as sample entropy. Comparing the
MS population with the healthy subjects showed a clear difference when considering
the reduced data set (X21 = 6.3, p < 0.02) (only tending to significance if considering
the whole MS population (X21 = 0.4, p > 0.5). Additionally, spectral bandwidth was
found to be different between the more-affected and the less-affected arms (X21 =
7.5, p < 0.007), while no significant differences were found for the different directions
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(X25 = 10.882, p > 0.05).
2.3.4 How are the different clinical scales related to each
other?
The correlations between the four clinical scales used in this study are summarised in
a scatter plot shown in the supplementary material (see appendix). As expected, we
observed a strong correlation between the two impairment scales (MI versus Jamar),
as well as between the two activity scales (NHPT versus ARAT). In contrast, the
pairs of impairment scales and activity scales only have a moderate to low correlation
with each other.
2.3.5 How are isometric strength and control measures re-
lated between the different directions?
The strength of the MS subjects for the six directions had moderate to high cor-
relation with each other, with pairwise correlation coefficients between 0.51 and
0.89 (p<0.05). We can see in the table shown in the supplementary material (see
appendix) that the spectral bandwidth, like strength is well correlated among the
different directions. This is particularly clear for pronation and supination, which
have high correlation with all directions with pairwise correlation values between 0.7
and 0.96 (p<0.05). Sample entropy for some of the directions appears to be related
with each other, but not as well as spectral bandwidth. This indicates that possibly
spectral bandwidth for the pronation and supination directions is a good indicator
of the same measure for the other directions (up, down, push and pull). The re-
lationship between the four isometric control measures for all directions combined
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is summarized in figure 2.6 from the MS population (red) and the healthy popu-
lation (blue). The strongest relationship is the one between sample entropy and
bandwidth, then those between the coefficient of variation and sample entropy. The
other pairs of measures only show a moderate (0.5-0.7) to low correlation (<0.5).
2.3.6 How is isometric strength related to the different con-
trol measures?
The relationship between isometric strength and the control measures is summarized
in table 2.4. Isometric strength and spectral bandwidth have moderate to high
correlation (0.52 to 0.8) for all directions except pull. On the other hand, all other
control measures have a direction dependent relation with strength. In terms of the
different directions, pronation and supination appear to be two directions that show
the strongest relationship between isometric strength and control, when compared
to all other directions.
Push Pull Up Down Supination Pronation
COV -0.253 -0.288 -0.622* -0.747* -0.418 -0.618*
Direction
control
0.404 0.09 0.426 0.397 0.629* 0.235
Sample
entropy
0.176 0.222 0.354 0.641* 0.776* 0.782*
Spectral
bandwidth
0.713* 0.404 0.515* 0.785* 0.679* 0.803*
Table 2.4: Correlation between the isometric strength and control measures for the
different directions.
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Figure 2.6: Relationship between the four isometric measures for the MS (red) and
healthy (blue) populations. The correlations coefficients for each pair of measures
are shown on above the diagonal on the row and column corresponding to the
measures. The Pearson and Spearman correlation coefficients are displayed with
the Spearman coefficient in parenthesis. The grey background of some of the plots
indicates that the both the correlation coefficients corresponding to that plot are
statistically significant (p<0.05).
33
2. Isometric Assessment
2.3.7 How is isometric strength related to the clinical scales?
The relationship between the isometric strength and the clinical scales for each of the
six directions is summarised in table 2.5(a). The isometric strength of all directions
have moderate to high correlation with the impairment scales (MI and JAMAR).
All directions except pull have correlation coefficients greater than 0.7 for MI, while
push, supination and pronation were found to have correlations greater than 0.7
for JAMAR. On the other hand, the only directions with statistically significant
correlation between strength and the activity scales (NHPT and ARAT) were pull,
up, and pronation, all having moderately correlation (0.53-0.71) with the two scales.
Push Pull Up Down Sup. Pron.
(a) Strength MI 0.72* 0.68* 0.71* 0.80* 0.77* 0.80*
versus JAMAR 0.73* 0.54* 0.62* 0.62* 0.72* 0.77*
clinical scales NHPT -0.447 -0.68* -0.71* -0.359 -0.406 -0.60*
ARAT 0.38 0.64* 0.68* 0.454 0.419 0.54*
Push Pull Up Down Sup. Pron.
(b) Spectral MI 0. 78* 0.43 0.66* 0.87* 0.85* 0.84*
bandwidth JAMAR 0.65* 0.38 0.68* 0.77* 0.73* 0.75*
versus NHPT -0.53* -0.22 -0.36 -0.57* -0.468 -0.50*
clinical scales ARAT 0.57* 0.33 0.45 0.57* 0.53* 0.59*
Table 2.5: Correlation between the clinical scales with (a) isometric strength and
(b) spectral bandwidth.
2.3.8 How are the isometric control measures related to the
clinical scales?
Among the four control measures, spectral bandwidth has moderate to high corre-
lation with the impairment scales for all directions (except pull; see table 2.5(b)).
For bandwidth all directions except pull and up have correlation coefficients greater
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than 0.7 for MI, while down, supination and pronation were found to have corre-
lations greater than 0.7 for Jamar (see appendix for all control measures). On the
other hand, like strength moderate correlation was observed with activity scales for
push, down supination and pronation.
2.4 Discussion
Our experiment investigated the relationship between isometric strength and control
measures obtained from upper-extremity force/torque production task in six differ-
ent directions (up, down, push, pull, pronation and supination) in MS patients. The
nature of the isometric strength and control for the different directions, the con-
cordance of the information provided by strength and control measures, and their
relationship to the standard clinical scales were evaluated. The main observations
of the study are the following:
• Spectral bandwidth is strongly related to the force/torque regularity as mea-
sured by sample entropy.
• Isometric strength and control, as measured by spectral bandwidth, are cor-
related for all directions except pull.
• Isometric strength for all six directions is correlated with the impairment scales
(MI and Jamar). The same trend is observed for the spectral bandwidth except
for the pull direction. For both strength and spectral bandwidth, pronation
and supination directions have the highest correlation to MI and Jamar scales.
• The correlation of isometric strength and spectral bandwidth with the activ-
ity scales (NHPT and ARAT) are direction-dependent, with some of directions
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having moderate to moderately high correlation and the rest having poor cor-
relation.
These findings have implications for both our understanding of the sensorimotor
impairments ensuing from MS and for the development of simple, effective and
efficient isometric assessment protocols to quantify sensorimotor ability.
2.4.1 Spectral bandwidth - a measure of control
Spectral bandwidth, a simple and intuitive measure of control introduced in this
study, was developed based on the observation that for constant force/torque control
tasks variations in the force/torque time series tends to occur at a lower time scale for
MS subjects when compared to that of healthy subjects. In control theory terms,
spectral bandwidth is a measure of how fast a system can correct errors. This
measure is similar to some of the previously investigated Fourier spectrum based
measures, particularly the spectral degrees of freedom [67].
The spectral bandwidth measure was found to correlate with the sample en-
tropy, which is a time series regularity measure quantifying the rate of information
generation. This strong relationship is in agreement with the previous work by Vail-
lancourt and Newell, who observed that the spectral slope and the spectral degrees
of freedom have the similar trends to that of approximate entropy for different for
control tasks [67]; however, their study did not investigate the correlation between
the different measures.
Regularity measures provide insight into the level of complexity of the system
under study. The difference in the complexity of the sensorimotor output between
young and old healthy adults has been found to be strongly dependent on task dy-
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namics [67, 77]. While the regularity of force output is increased in older subjects for
a constant force tracking task, for sinusoidal tracking tasks it is decreased relatively
to younger subjects [67, 77]. In general, Sosnoff and Newell found that older sub-
jects are not able to use the faster time scales of control when performing isometric
force tracking of different random waveforms (such as white, pink, brown and black
noise) [77]. Thus, we hypothesize that even though regularity was different for these
different waveforms, spectral bandwidth would be similar across the different wave-
forms, providing a measure of control ability that is independent of task dynamics.
Interestingly, spectral bandwidth was found to remain invariant among the different
directions tested in the current study the mean values of the spectral bandwidth
was not different for the six directions, and they were correlated to each other. It
would be worth further investigating the spectral bandwidth measure to evaluate
its usefulness as a task-independent measure of control ability.
2.4.2 Isometric strength and control are related to each
other and between different directions
A strong relationship between isometric strength and isometric control, as measured
by spectral bandwidth, was found for the six different directions tested in the study.
This finding is in agreement with the study by Sosnoff and Newell who investigated
the relationship between strength and variability in force output on young and old
healthy subjects [66]. The authors found that stronger subjects had lower force
variability and less regularity in their force output, thus indicating that variability
in force output might be fundamentally related to strength. Our data extends
this result to the studied MS population, in the upper-extremity for six different
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functionally relevant movement directions.
In addition to this, isometric strength for the six different directions was found
to be strongly correlated with each other. This is in line with a previous observation
that found strength deficits in the muscles of a limb to be correlated with each
other [70]. A similar trend was also observed for the spectral bandwidth (except
pull vs. down). In particular, both strength and spectral bandwidth of the pronation
and supination directions were found to be strongly correlated with that of the other
directions. This means that assessing only the supination and pronation directions
could provide a fast and effective isometric assessment of strength and control ability
of the overall upper-extremity.
2.4.3 Isometric strength and control correlate well with im-
pairment scales than the activity scales
Isometric strength was found to have moderate to high correlation with the impair-
ment scales (MI and JAMAR), and a low to moderate correlation with the activity
scales (NHPT and ARAT). The strong correlation of isometric strength with MI
and JAMAR is understandable, given that these are both strength based measures.
This strong relationship is observed for all six directions investigated in the current
study.
Unlike the impairment scales, the correlation between strength and the activity
scales is direction dependent, with pull, up and pronation directions showing mod-
erately high correlation and the other directions showing low correlation with both
NHPT and ARAT. The primary reason for this is that ARAT and NHPT are possi-
bly measuring a different construct, with strength as one of the sub-constructs. The
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specific directions that were found to correlate well with these two activity scales are
consistent with the nature of the tasks constituting the activity scales. For example,
the good correlation of up direction with ARAT makes sense as the grasp compo-
nents of ARAT require subject to grasp different objects and transport them up on
top of a shelf. Similarly, grasping some of objects in the ARAT and the pegs in the
NHPT require subjects to place their hands in a pronated position, which possibly
explains the high correlation between the pronation direction with these scales. On
the other hand, the high correlation of the pull direction with ARAT and NHPT is
not clear.
Similar to isometric strength, spectral bandwidth was also found to correlate
with MI and JAMAR scales for all directions in particular strong correlation was
observed for pronation and supination directions. This result is not surprising,
given that strength and spectral bandwidth were found to be strongly correlated for
all directions except pull. The correlation of spectral bandwidth and NHPT and
ARAT was also found to be direction dependent, with push, down, and supination
showing moderate correlation, and the others showing low correlation (with the
exception of the pronation direction that has a moderate correlation with ARAT).
This observation is not easy to explain, as it is not clear how spectral bandwidth
estimated on an isometric task relates to sensorimotor performance, in terms of
kinematics or kinetics, of a particular task such as reaching or reach-and-grasp. This,
in fact, is a general problem with measures that quantify the nature of variability
(e.g. sample entropy, spectral degrees-of-freedom etc.).
The findings of the current study must be taken in light of some of its limitations.
The size of the study population is small (N=9), and most of the patients that
participated in the study had mild sensorimotor impairments. Thus the results of
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this study may not generalize to the general MS population, particularly patients
with severe sensorimotor deficits. The order of the task directions for the isometric
control measurement in the protocol was not randomized, and thus any effect on
the performance variables over time cannot be ruled out. One must also be cautious
to generalise the current findings on isometric strength and force control, measured
with hand grip position, as relations may be different for force control capacity of
multiple fingers during the manipulation of objects. Additionally, the task simplicity
may have favoured a simple strength criterion over the control criterion, and thus
might not generalize to more complex tasks.
In summary, the findings of the current pilot study indicate that in the MS
study sample, isometric strength and isometric control, as measured by spectral
bandwidth, for the upper-extremity are well correlated among the six different di-
rections up, down, push, pull, supination and pronation. Isometric strength is also
strongly correlated to spectral bandwidth for all six directions; this extends the pre-
vious result in healthy subjects that also found strength and control to be related.
Isometric strength and spectral bandwidth are well correlated to the Motricity Index
and Jamar scales for all six directions. In contrast, their relationship to NHPT and
ARAT is direction-dependent with a moderate correlation magnitude. Hence, along
with this other methods need to be also investigated for quantification of disability
at activity levels. Overall, the results from this pilot study encourage the further
investigation of these aspects in a larger, heterogeneous MS population sample.
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MIMATE: Multimodal Interactive
Motor Assessment and Training
Environment
Overview — This chapter first presents the Multi-modal Interactive Motor As-
sessment And Training Environment (MIMATE), a miniature, portable hardware/
software platform that serves as a generic basis for designing embedded rehabili-
tation and assessment systems, in particular for people suffering from neurological
injuries. A description of its application as an educational tool for tutoring design
of Human-Centered Assistive and Rehabilitative Devices (HCARD) follows.
Parts of this chapter have been described in [87] and [46]. Nick Roach was respon-
sible for electronic design of MIMATE and for device interfacing/communication
code. I worked on the firmware for incoming command parsing (for controlling
data-rates, feedback type, I/O etc.) and contributed to library functions for con-
trolling MIMATE from workstation. Both of us worked on HCARD course, which
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is a concept of Etienne Burdet.
3.1 Introduction
As highlighted in the introductory chapter, current rehabilitation and assessment
systems are a long way from being effectively used as feasible tool in a clinical and
or decentralised setting (home based environment). There is a clear need to charac-
terise the way factors such as motivation, environment, dose of therapy and feedback
impact rehabilitation efficacy in order to design the next generation of efficient re-
habilitation and assessment devices [88, 89]. This endeavour requires expertise of
people from different fields including medicine, psychology, computer science and
mechatronics. Due to the diverse range of experiments and the variability of tech-
nical knowledge possessed by the end users, it is important to design a platform
that can be easily implemented in multi-modal systems to test and validate new
assessment and rehabilitative strategies.
Keeping this in consideration, the MIMATE (Multimodal Interactive Motor As-
sessment and Training Environment) has been designed [46, 87] in collaboration
with Dr. Nick Roach. The MIMATE is a modular, reconfigurable, wireless mea-
surement/feedback platform designed to be used as a generic basis for developing
embedded sensor based systems, predominantly for training and assessing human
sensorimotor behaviour. It allows users with little or no expertise in embedded
systems and software development to design and develop interactive applications.
Using a friendly graphical user interface based game-development environment, it
will facilitate more experienced engineers and programmers to customise and inte-
grate it into complete human interaction systems using industry standard interfaces
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Figure 3.1: A basic MIMATE module and its interfaces. The sensing and stimulus
hardware that can be connected to this compact module yield a versatile platform
for the development of rehabilitative and assistive devices [87].
and development tools (figure 3.1).
The MIMATE comprises a printed circuit board (PCB) integrating a variety of
sensors (gyroscope, accelerometer, and magnetometer) and feedback devices (coloured
light emitting diodes (LEDs), a speaker, and vibratory motor) with a low-power mi-
crocontroller (figure 3.1). A multipurpose interface port provides access to a variety
of electrical inputs and outputs allowing the connection of additional sensors and
actuators. In addition, Bluetooth and universal serial bus (USB) communication
links are provided for communication with a host device (e.g. PC, smart phone).
The module is lightweight, battery powered, and features a form factor appropriate
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for integration into wearable or readily manipulated objects. The device is relatively
low cost to facilitate easy replacement, and robust to resist damage by mistreatment.
Control of the module is achieved by a software library that has been developed for
multiple environments including C++, Matlab and Android. Broadly, these libraries
offer a standard set of methods that can be used to collect sensory information and
control feedback/external devices and overall working.
This chapter discusses in detail the MIMATE’s properties, its hardware, soft-
ware components and finally demonstrates its use as a teaching tool for designing
and developing rehabilitation and assessment systems within the context of an un-
dergraduate teaching environment.
Figure 3.2: MIMATE collects interaction information from participants and trans-
feres it to a remote workstation (PC, tablets) which processes the information and
gives back instructions to MIMATE to provide appropriate feedback.
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3.2 MIMATE Module
The primary aim of the design of the MIMATE module was to provide an integrated
development platform with which limb movements and physical interaction with
objects and the environment could be monitored and appropriate feedback generated
(figure 3.2). Typical examples of such applications are the training and assessment
of reaching and grasping, gait, and basic activities of daily living. Therefore, it
was essential that the form factor of the device is appropriate for manipulation
by or attachment to the human body. As the device is to be used for different
types of projects, robustness, low cost, and compatibility with a range of software
development environments were paramount considerations.
3.2.1 Specification of Sensing and Feedback Capabilities
With regard to the sensing and feedback capabilities of the module, detection of
motion, orientation, and interaction force were considered particularly important
for the targeted applications. Feedback from the module was required to provide
cues to a user for encouragement, physical assistance, or guidance, depending on the
application. Visual, vibrotactile, and auditory sensory modalities were selected as
the main sensory and feedback modalities, as their effects are known from prior ap-
plications and due to the intrinsic safety of derived rehabilitative solutions. Where
possible, both sensors and actuators were integrated directly with the module, allow-
ing for immediate use in the development of simple interactive devices and interfaces,
while avoiding external hardware and wiring. The requirement to be self-contained
also drove the decision for motion and orientation sensing to be performed on the
device, instead of being provided by an external measurement system (such as a
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machine vision system). Therefore, the module included an inertial sensing element
capable of estimating tilt, orientation, vibration, and translation (with limited ac-
curacy) when utilised in conjunction with appropriate signal processing algorithms.
Any wiring on or around a human user presents an inconvenience, if not a hazard for
entanglement or electrocution. Therefore, battery-powered wireless operation was
considered essential. Additionally, to prevent encumbrance of the user, the module
was required to be compact and lightweight, with an appropriate arrangement of
components for ease of manipulation.
3.2.2 Hardware Specification of MIMATE
The physical design of MIMATE was based on a PIC18F6722 8-b microcontroller
running at 40 MHz interfaced with a nine-axis inertial sensor composed of a trio of
an Analog Devices ADXL345, an InvenSense ITG-3200, and a Honeywell HMC5843,
which provide measurements of acceleration, rate of turn, and magnetic field, re-
spectively. These sensors provide measurement ranges of 16 g, 2,000 ◦/s, and fourth
generation, with resolutions of 16, 13, and 12 b, respectively. These values were
chosen as they encompass the range of these parameters experimentally established
for normal human movements. The typical inertial data recorded by MIMATEs
sensors during three cycles of a point-to-point reaching movement can be seen in
figure 3.3. During these movements, MIMATE was attached to the wrist of the
participant and temporally synchronised with an external optical tracking system
for reference.
For the on-board visual, auditory, and tactile modalities, feedback was provided
by a high-intensity RGB (Red, Green, Blue) LED with pulse width modulation
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Figure 3.3: The inertial measurements for a typical reaching task: measured xyz
components and magnitude of acceleration and rate of turn for a repetitive hand
movement with MIMATE. Acceleration data are high-pass filtered at 1 Hz to remove
offset due to gravity. All signals are low-pass filtered at 15 Hz to remove shock
and vibration. The externally measured displacement of the hand is shown for
reference [87].
dimming (Osram SFT722N- S), a magnetic micro-buzzer (CUI Inc. CSS-0578), and
vibratory motor (Model 310-101, Precision Microdrives). Three high-intensity wide-
angle IR LEDs (Osram SFH421) are also provided to enable simple photogrammetry.
Force sensors were not directly integrated into the module due to their application
dependence in terms of geometry, range, and accuracy. However, eight general-
purpose analogue/digital inputs/outputs are provided via a connector for interfacing
different types of force sensors.
To facilitate integration with other microcontroller devices and more sophisti-
cated sensors/actuators, a serial port is broken out to connectors along with a single
I2C/SPI bus. The wireless communication portability of the module was provided
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via an integrated Bluetooth module (KC Communications KC-22) chosen for its
small scale and low power consumption (25 mA). This device facilitates an SSP
Bluetooth link to a host system with a data rate of 230.4 kBaud. Although more
power-efficient radio systems are available, Bluetooth was the preferred physical
transport due to its relative ubiquity in mobile computing applications. Power to the
module was provided via USB or an integrated battery management IC (MAX1555)
and 330 mAh Li-Polymer cell. Regulation of on-board voltages was achieved by a
DC-DC converter (MAX1705) providing +3.3 V and +5 V at 1 A. The peak current
consumption of the module is +100 mA. Therefore, +900 mA is available for user-
designated functions. A PTC self-resetting fuse was included in the power input to
prevent damage to the power supply circuitry due to accidental overload. The device
was assembled on a 1.56 mm four-layer PCB having dimensions 40×35×10mm. All
signal interfaces are accessible through AMP Micro-MaTch connectors that provide
relatively high tolerance for abuse. Battery connections are made via latching JST
PA connectors to prevent accidental disconnection during movement. Completed
modules were coated in acrylic varnish to improve resistance to rough handling.
3.2.3 Software Specification of MIMATE
The design of the MIMATE firmware was conducted using Microchip MPLAB
IDE/C18. The firmware is based around high- and low-priority interrupt-driven
loops to maintain a reliable sampling rate (10 - 200 Hz) for acquisition of ana-
logue signals and inertial measurements and coordinate lower priority functions,
respectively. External control of the module’s various data-acquisition and actua-
tor outputs is provided via single-byte instructions sent in a 4-b address/4-b data
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format via the Bluetooth serial interface. The adjustable parameters include the
rate and selection of analogue to digital converters (ADC) and inertial measure-
ment unit (IMU) channels, brightness of on-board LEDs, frequency and intensity
Figure 3.4: Flow chart details the basic flow of MIMATE firmware.
of sounder/vibrator output as well as control of the GPIO and serial ports. Ac-
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quired data are also returned to the module host by Bluetooth, transmitted as a
serial frame containing a header, bit-packed sensor, and ADC samples as well as a
time stamp and checksum byte (figure 3.5). This generic firmware design reduces
the need for (re)programming of the module to accommodate for the requirements
of different applications. Figure 3.4 broadly explains the general structure of the
firmware.
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Figure 3.5: Data segments from MIMATE are stored in a two dimensional array
and each row contains data values from different sensors structured in the order
described here.
MIMATE Software: MIMATE typically communicates as a slave device over
a serial port profile Bluetooth connection with a host station (PC, Tablet or Mo-
50
3. MIMATE
bile). To improve the usability of the module, the bit level functions involved in
communication with the module are encapsulated in header files/libraries written in
multiple languages including C++/JAVA. These libraries provide a reduced number
of simple, high-level methods and variables to obtain sensor measurements, config-
ure the device, and control the status of its outputs. Figure 3.6 highlights some
of the important functions of the MIMATE header. This programming approach
abstracts the low-level interfacing with the MIMATE and simplifies its application
for those with limited programming experience, helping to ensure accessibility by
researchers/students with varying backgrounds and levels of skill in software devel-
opment. Broadly, the MIMATE libraries provide methods for:
• Establishing connection with one or multiple MIMATEs.
– Creates connection with mentioned MIMATE module by defining serial
communication parameters (baud rate, parity bits etc.) and using OS
dependent APIs for communicating with Bluetooth.
• Giving instructions to MIMATE
– By sending appropriate values, the user can control the type and inten-
sity of feedback (visual, audio and tactile), type of sensory data to be
transmitted by the module (analogue channels, inertial information etc.),
data rate of transmission and other relevant details.
• Extracting data and processing to it to desire useful information
– When called this method extracts all raw data frames (requested) from
Bluetooth stack and processes them to extract meaningful sensory infor-
mation, usable by user-end software.
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Figure 3.6: Members of the MIMATE class. Minimal public methods and variables
allow access to the MIMATE. The open and close functions allow connection and
disconnection from the module, while the write data function allows control of the
actuators. The write data function collects and parses data from attached sensors
to be accessed in the two public variables [87].
• Close MIMATE connection
– This call destroys the MIMATE connection.
Figure 3.7 shows the basic flowchart for sensory data extraction from MIMATE.
3.3 HCARD Course
The MIMATE module is the primary enabling resource of the H-CARD (Human
Centred design of Assistive and Rehabilitative Devices) course which we have organ-
ised at Imperial College London for the previous three years. In this 30 hour (10×3
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Figure 3.7: Flow chart illustrating extraction of sensory information from data sent
by MIMATE.
hour weekly sessions), students from engineering, computer science and medical
backgrounds are taught the practical mechanical, electrical and software develop-
ment skills required for the design and implementation of rehabilitation systems and
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assistive devices. Students are encouraged to consider the particular human factors
design requirements for these systems, and to develop team working and project
planning skills for devising a working prototype over a short timescale. The impor-
tance of the written coursework is de-emphasised during the course with respect to
successful production of a well-designed working prototype.
The course starts with a series of lectures by invited experts on various chronic
pathologies commonly responsible for physical disability. Examples of typical patholo-
gies introduced by these talks include epilepsy, stroke, traumatic brain injury (TBI)
and cerebral palsy (CP). Focus throughout the lectures is given to typical physical
symptoms/disabilities which occur as a result of these conditions and their rehabili-
tation. Following these pathology lectures, the students are primed on quantitative
means of clinical assessment, basic techniques in human centred mechatronic design
and the use of electrical sensors and actuators for measurement of aspects of human
movement.
The lecture series is followed by a set of laboratory sessions formally introducing
the MIMATE module and the basic programming concepts required for its deploy-
ment. In this session, the concept of the MIMATE as a prototyping platform is
introduced and its basic features and interfaces are described. The students are
then divided into groups of four to five and provided with a MIMATE and a devel-
opment PC with Microsoft Visual C++. The remainder of the course consists of
the practical sessions (15 h) during which students develop a prototype system for
rehabilitation or assistance.
The course is concluded by an assessment of the developed systems (counting for
50% of the course mark, one mark given per project group) during a competition
where a short presentation is given by each group followed by a hands-on demon-
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stration session of the projects. Projects are assessed in terms of the therapeutic
relevance of the chosen design as well as of its implementation by a panel of invited
rehabilitation and human centred technology experts. Non-specialist guests and the
students themselves are also invited to assesses the projects and their marks are
combined with the judges, at a reduced weighting. These competition marks are
also used during the final to decide the overall winner of the event who is presented
with the course trophy. The session closes with a feedback segment where each judge
comments on the projects and answers questions from the students.
3.3.1 Overview of HCARD Projects
An overview of selected devices developed by the students over the three years of
the H-CARD course is given below to give an impression of the types and quality
of solutions produced by the students. The three projects presented showcase the
capabilities of the MIMATE module as well as types of devices envisaged by the
students.
Piano: This project aimed at improving hand strength as well as finger coordi-
nation and independence in chronic stroke patients. The device consists of two
piano-like keyboards with five colour coded keys, one for each finger of the hand
(figure 3.8). Each key hinged against a supporting frame and is capable of sensing
pressure via an FSR connected to one of two MIMATE modules. Variable resistance
is provided for each key via a replaceable spring. The two keyboards are attached
to a supporting board using Velcro, allowing for adjustment to suit the user. A host
PC ran an OpenGL-based “paint by numbers” game implemented by the students
using C++, glut and the supplied MIMATE class. By applying specified levels of
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Figure 3.8: Rehabilitative “piano” interface designed using two MIMATE modules.
The user can select colors and create a virtual painting by applying different levels
of finger pressure to the sprung keys. The keyboards may be repositioned for user
comfort [87].
force on the correspondingly coloured keys, the individual colours in a simple picture
are produced. Different levels of difficulty are obtained by changing the level and
accuracy of force production required from the user as well as requiring combina-
tions of keys to be pressed to produce secondary colours. A score is provided to
the user by a number of stars, which are awarded for successful completion of each
picture.
The Awesome Game: Training the ability to stand in cerebral palsy was the
aim of this system in which an interface resembling a scooter was used to control
several simple video games (figure 3.9). These games aimed at exercising the lower
legs and progress was achieved by timed flexion of the ankle. Measurement of user
posture was achieved through strapping attached to each foot which integrated a
MIMATE module with a flex sensor and FSR. Yaw motions of the handlebars were
also measured via a potentiometer. These signals were used to control the posi-
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Figure 3.9: A participant playing “The Awesome Game” via a scooter controller.
Through a number of sensors and the MIMATE, measurements of posture were
translated to control a variety of games [87].
tion/velocity of a character onscreen in three simple but attractive games. Varying
levels of difficulty were provided by increasing the rate and range of ankle flexion
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required to achieve each game’s goal. Development of software was conducted in
the open source game development kit ‘Construct’, with interface to the MIMATE
module being achieved by a wrapper for the C++ class to the Construct plug-in
SDK.
Figure 3.10: The platform device from the “Mushroom Muncher” games. This
device consists of a MIMATE instrumented sphere suspended by elastic cords within
a frame. By rotating the sphere against the force of the cords, input is provided to
a Pac-Man-style game [87].
Mushroom Muncher: The created device is comprised of a motion sensing game
interface designed to improve wrist strength and control in chronic stroke. The
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hardware consists of an aluminium frame and wrist support with a spherical manip-
ulandum at its centre containing a MIMATE module (figure 3.10). The sphere is
supported via four elastic cords whose tension could be varied to increase resistance
to the user. A two axis proportional interface is provided using the MIMATE’s
inertial sensor as an inclinometer, by placing the hand upon the sphere and tilting
it in the horizontal plane. A third control axis is provided by a proximity sensor at-
tached to the underside of the sphere, which measures the distance to the supporting
surface. These inputs are used to control a simple ‘PAC-MAN R©’ type game on the
host PC implemented in C++ and OpenGL. By manipulating the sphere the user
can move a player character about the screen with the aim of collecting mushroom
shaped icons and avoiding monsters. When all the mushrooms on the screen are
collected, a new playfield is presented containing more monsters. As a defensive
measure, the user can push down on the sphere to deploy a shield to deflect the
monsters. Variable difficulty is implemented by varying a combination of monster
speed, the number of monsters, shield duration and control sensitivity.
3.4 Discussion
As a platform for the development of rehabilitation systems, MIMATE offers ex-
cellent prospects. In particular, due to its portability, compact design, cost, and
interoperability with commercially available technologies, MIMATE has potential
for designing systems, aimed at independent decentralized therapy. This would
allow rehabilitative and assessment regimes to be continued beyond the clinical set-
ting, potentially improving outcomes and reducing costs of therapy. Furthermore,
recent studies have indicated that passive devices can provide similar advantages as
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active devices [32]. Examples of such solutions are instrumented objects for training
grasping and manipulation, systems to train arm reaching and increase the range
of motion, as well as passive aids to improve walking. The characteristics of the
MIMATE module make it ideally suited to develop such passive devices for reha-
bilitation and sports training. The following chapter discusses in detail some of
the instrumented objects designed with MIMATE for training and assessing ADL
activities.
As an educational tool, the MIMATE offers the opportunity to spend the ma-
jority of the time on the design and implementation of a system corresponding to
the ideas of novice and or experienced users, and focus on the human interaction
and therapeutic aspects rather than on the technical issues of system design, as
has been evidenced during three years of the HCARD course. Over the past years
H-CARD has been run, all groups were able to successfully demonstrate a working
prototype in the final competition. This is a huge success considering the numer-
ous errors are typically encountered with practical mechatronic projects and their
live demonstration, in the limited time scale of the practical sessions. Had ‘off the
shelf’ hardware (i.e. discrete data acquisition devices and sensors) been used, then
development times would have been considerably longer and the projects far larger
and outcomes less reliable due to the need to interface multiple sensors, actuators
and data acquisition systems to achieve a similar measurement/feedback solution.
Additionally, it is unlikely that solutions would not have met size restrictions for
use with human subjects and supported wireless, battery powered operation.
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Intelligent Objects
Overview — This chapter presents the design, development and testing of a set
of intelligent objects for assessing and training manipulation tasks. The intelligent
objects can be used for training and assessing four basic manipulation tasks -pick-
and-place, can opening, jar-opening, and key manipulation - which cover a broad
range of skill level required to perform day-to-day activities. A preliminary study
with a key manipulation object is presented in order to investigate what metrics and
techniques can assess motor performance during fine manipulation tasks.
Parts of this chapter have been described in [46]. I designed and developed
the first version of IObjects including IJar, ICan, IKey which are described in this
chapter. Sivakumar Balasubramanian contributed to testing of IObjects and design
of IKey pilot study. Wayne Dailey contributed to the design and analysis of pilot
study with the IKey and carried out the study with impaired participants in India,
where I could not go due to visa issues. Nathanael Jarrasse designed the later
versions of IBox and ICan mentioned in section 4.4.
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4.1 Introduction
Sensor-based technology for the measurement and quantification of sensorimotor
performance offers an alternative solution to traditional ordinal scale-based ap-
proaches and the complex robotic assessment method. Being compact, low cost
and intrinsically passive and thus safe (as no actuator is involved) sensor based sys-
tems have the potential to be easily wearable, deployed in the home, and/or installed
in the clinical environment [41, 42, 90]. Some of these systems are already on the
market and are being used extensively in the clinical environment for measuring
specific sensorimotor information covering the impairment level of health and mo-
tor disability, as defined by the International Classification of Health and Disability
(ICF) [10]. For example, Jamar is one such standard tool that uses force information
to determine impairment in grip strength [14]. However, limited work has been done
on the design of sensor-based systems to quantify a subject’s ability at the activity
level during tasks requiring skill.
In response, a set of compact cost-effective intelligent objects have been designed
for assessment (and rehabilitation) of motor performance during complex (skilled)
tasks [46, 87]. These objects can be used for training and assessing four basic
manipulation tasks -pick-and-place, can-opening, jar-opening, and key manipulation
- which cover a broad range of skill level required to perform day-to-day activities. A
MIMATE module forms the core of each one of these intelligent objects, and equips
these objects with the ability to sense haptic interaction and provide feedback.
This chapter discusses in detail the design of intelligent objects and presents the
results of initial testing. This is followed by a preliminary study to investigate pa-
rameters for assessment of manipulation tasks. Three subjects with motor disability
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and one healthy subject, participated in the study with IKey manipulation object.
Subjects performed key insertion and rotation tasks that mimic the skills used in
day to day key manipulation.
4.2 Intelligent Objects for Manipulation
MIMATE platform (discussed in previous chapter) is used for designing the intel-
ligent objects namely, intelligent can (ICan), intelligent jar (IJar), intelligent key
apparatus (IKey). All the objects presented are sensorized to assess haptic inter-
action and also provide feedback at the node to guide a subject during assessment
and or rehabilitation. Each object offers multiple levels of difficulty in task practice
or assessment to cover subjects with different degrees of neurological injuries. The
variable levels of difficulty can also serve to keep the task interesting/motivating as
performance improves with practice ensuring constant progression along the learn-
ing curve. The activities and skills that the four objects enable a subject to train
and assess are are listed in table 4.1.
4.2.1 Intelligent Can
Mechanical Hardware: The ICan is a cylindrical object with an external diam-
eter of 63 mm and a height of 130mm (figure 4.1). The object consists of a body and
a lid. The body could be further divided into three parts: cylindrical compartment,
weight compartment and cover (figure 4.1).
Cylindrical compartment: This is the largest component in the ICan, and is
the part that a subject grasps while interacting with the object. The outer sur-
face of the cylindrical compartment is covered with eight force sensitive resistors
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Intelligent ob-
ject
Activities Skill
Intelligent can Pick and place Ability to lift and anticipate the
amount of force required to move an
object from one place to the other.
Opening com-
pressed fit cap
Open containers with compressed fit
caps (like a can) by applying the ap-
propriate grip force.
Intelligent jar Imitate remov-
ing a screw fit
cap
Ability to manipulate objects that
require forearm pronosupination and
wrist radial/ulnar deviation. Apply
enough grip force to unscrew caps.
Intelligent key
apparatus
Key manip-
ulation and
operating a
door/car lock
Ability to perform fine finger manipu-
lation (e.g. pinch grasp) and perform
forearm pronoation/supination.
Table 4.1: List of activities and skills that can be trained and assessed using the
three intelligent objects.
(FSR) (45 × 38mm) that are arranged in two rows and four columns. This par-
ticular arrangement was adopted to maximally cover the cylinders curved surface
to allow subjects to grasp the object from any direction. Force sensitive resistors
(FSR’s) from each column are connected in parallel resulting in a single channel of
force/pressure information, when either one of the FSR is touched. The cylindrical
compartment houses a MIMATE module on the inside. A small opening on the
surface of the cylindrical compartment contains a switch and a mini-USB connec-
tor. The switch turns on/off the MIMATE module, while the mini USB connector
is used to charge the MIMATE modules battery.
Weight compartment: Weight Compartment is a cylindrical cup that is press fit
into the cylindrical compartment at the bottom of the object. The purpose of this
compartment is to house calibrated weights to change the overall weight of the ICan.
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Figure 4.1: (A) A 3D model and (B, C, D) pictures of the intelligent can [46].
The calibrated weights can be attached with the help of a Velcro fastener.
Top cover: Top cover of the body provides the lip for fitting the lid on top of
the body. It is designed with a raised platform with a magnet glued at its center.
The magnet attracts the lid towards the body while the raised platform ensures easy
fitting of the lid. The top cover also contains a switch that is pressed when the lid
is placed on the body, enabling the detection of lid placement or removal from the
object.
The lid of the Intelligent Can is a small cylindrical cap. The lid contains a
magnet fixed on the top surface. Multiple caps are designed, with each cap having a
magnet of different magnetic strength. Magnetic strength determines the difficulty
of the task in terms of removing the lid.
65
4. Intelligent Objects
Electrical Hardware: The electrical hardware of the ICan consists of eight FSR
and a switch to measure grasp interaction, and the removal of the lid from the object
respectively. The four channels of grasp information obtained from the eight FSR
are interfaced to the four analog channels of the MIMATE module. The switch is
interfaced to one of the digital IO lines in the MIMATE module. The information
collected from these sensors is transmitted to the host via the Bluetooth link by the
MIMATE module present inside the object.
Activities: The ICan can be used to train unimanual pick-and place of objects,
and bimanual can opening. Pick-and-place can be practiced with different weights
for the ICan, while the can-opening can be trained for different levels of force required
to take the lid off the object.
4.2.2 Intelligent Jar
Mechanical Hardware: The IJar is a cylindrical object (external diameter = 63
mm; total height = 170 mm) that consists of a body and a rotatable cap (figure 4.2).
The body of the IJar is similar in design to that of the ICan, and houses the MIMATE
module. The rotatable cap is fixed on top of the body through a revolute joint
mechanism that allows it to be rotated with respect to the body. The rotatable cap
also has a mechanism for modifying the friction between the body and the rotatable
cap, thus enabling the easy adaptation of task difficulty. The cross-sectional view
of the rotatable cap is shown in figure 4.2. The rotatable cap consists of four
components: the lid, screw handle, body cover, and rubber washer.
Lid: It is the part of the rotatable cap that is grasped by the subject (see
figure 4.2). It rotates about a long screw that passes through its center along the
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Figure 4.2: (A) A 3D model of the intelligent object. (B) A cross sectional view of
the rotatable cap. (C) Picture of the IJar [46].
longitudinal axis of the IJar (figure 4.2B). A potentiometer placed (and fixed) inside
the lid senses the rotation of the lid about the screw. Three FSR’s (connected in
parallel) are attached to the lid’s external surface to sense subjects’ interaction with
the lid.
Body cover: This is similar to the top cover of the ICan. The bottom end of the
screw is fixed to the cover at the bottom. The body cover also has a small protrusion
on its top surface that serves as a mechanical stop for rotary cap. The maximum
range of rotation of the rotatory cap is limited to 270◦ by the mechanical stop on
the body cover.
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Rubber washer: A rubber washer with a relatively large coefficient of friction is
placed in between the cover and rotary cap. The screw handle is used to vary the
compressive force on rubber in order to change friction between the lid and the body
cover. By increasing or decreasing friction between the two surfaces, torque required
to rotate the object can be changed, making the task more easy or difficult.
Screw handle: The screw handle is like a nut on the screw along the axis of
rotation of the object. The center of the screw handle is threaded, allowing it to
move up and down the screw. The top surface of the screw handle has two grooves
that can be used to rotate the screw handles easily with fingers.
Electrical Hardware: The electrical hardware of the IJar consists of FSRs for
measuring the grasp interaction with the body and the lid, and a potentiometer
sensing the rotation of the lid with respect to the body of the object. The grasp
information is provided through five channels interfaced to the five analog inputs of
the MIMATE module. Four channels of grasp information are available from the
body (obtained from the eight FSR’s), and a single channel of grasp information
is available from the lid (obtained from three FSR’s). The potentiometer which
measures lid rotation is interfaced to one of the MIMATE analog inputs.
Activities: The IJar is designed for practising bimanual jar manipulation tasks.
The object enables practising of these tasks with different levels of difficulty simu-
lated through different levels of friction between the lid and the body. This object
would enable subjects to train pronosupination
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4.2.3 Intelligent Key
Mechanical Hardware: The intelligent key apparatus is designed to practice the
typical fine motor task of key manipulation and operating a lock. This object consist
of two main components: a key and a box (75× 80× 145 mm) with three key holes
(figure 4.3).
Figure 4.3: (A) A 3D model and (B,C) pictures of the IKey apparatus [46].
Key: The key resembles a regular key in its shape and dimensions (60×30 mm).
The key consists of a cuboidal part that is used by a subject to hold the key, and a
cylindrical shaft, which is the part of the key that is inserted into a keyhole. A small
circular FSR with a sensing diameter of 12.7mm is placed on one of the faces of the
cuboidal part of the key (figure 4.3). This part of the key also houses a vibrator to
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provide tactile sensory feedback. The key is attached to the box through a cable
that carries the electrical connections from the MIMATE module inside the box to
the FSR and the vibrator in the key.
Box: The box contains three keyholes for key insertion, and also houses a MI-
MATE module on the inside. There are two keyholes placed on the front face of
the box, and the third one is placed on the right side of the box. Keyholes 2 and
3 (figure 4.3) consists of a circular hole with switch inside, which detects key in-
sertion. Keyhole-1 is slightly different from the other two key holes. It contains
an additional potentiometer, which can detect the rotation of the key inserted in
the hole. A small cylindrical protrusion with a circular hole in its center, and a
plus-shaped grove allows the potentiometer to be rotated using the key.
Electrical Hardware: The IKey consists of a FSR and a vibrator placed in the
key, three switches (one in each keyhole), and a potentiometer. All these components
are connected to the MIMATE through the analog input channels.
Activities: The IKey requires a pinch grasp to hold the key, and fine arm control
to insert the key into the hole and pronosupination to turn the key. The three key
holes represent three different levels of task difficulty in terms of the need to orient
the key in the appropriate direction to perform pronosupination in key hole 1, when
compared to key hole 2. While key hole 31, which is located on the side requires
the subject to perform key insertion with different visual feedback when compared
to that of key hole 2.
1Keyhole 3 simulates the key-lock mechanism used for car ignition.
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4.2.4 IObject Preliminary Evaluation
The different functionalities of the objects were evaluated on two healthy volunteers.
The primary purpose of the test was to ensure that the information from the intel-
ligent objects could be used to identify and quantify different types of interactions
supported by the respective objects. The testing procedure consisted of each subject
performing three different tasks: bimanual can opening, bimanual jar manipulation,
and key manipulation. All the tasks were carried on a tabletop, with the subjects
seated right next to the table. Subjects were instructed to carry out each of these
tasks in a specific sequence detailed below. The data from the intelligent objects
were collected through a C++ program running on a host PC, which communicates
with the MIMATE module in each of the intelligent objects. The data from these
objects were streamed over the Bluetooth link at 300 Hz.
Bimanual Can Opening: This was a bimanual can opening task performed with
the ICan, involving the following steps:
• The ICan with the lid removed from the top is placed in front of the seated
subject.
• The subject picks up the lid with one hand and places it on top of the object.
• The subject grasps the body of the ICan with the other hand.
• The subject takes the lid off the object while still grasping the objects body
with the other hand.
• The subject releases the grasp on the object and takes his/her hand off the
body of the object.
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Subjects were asked to repeat five times the sequence from steps 2 to 5 at a com-
fortable pace.
Bimanual Jar Manipulation: This task performed with the IJar simulates open-
ing a screw fit lid, and involved the following steps:
• The IJar is placed in front of the seated subject.
• The subject grasps the body of the IJar with one of the hands, and the lid of
the object with the other.
• The subject rotates the lid through a combination of pronosupination and
radial/ulnar wrist deviation of the arm.
• The subject releases the grasp, and takes his hands off the object.
Subjects were asked to repeat the sequence from steps 2 to 4 five times at a com-
fortable pace.
Key Manipulation: this task involved inserting a key and performing prono-
supination movement as if trying to open or close a lock. It was carried out in the
following sequence:
• The IKey is placed in front of the seated subject with the key inserted into
keyhole 2.
• The subject grasps the key with one hand and pulls it out of keyhole 2.
• The subject carefully inserts the key into keyhole 1.
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• The subject performs supination, followed by pronation through the subjects
entire range of forearm pronosupination joint.
• The subject takes the key off keyhole 1 and inserts it into keyhole 2.
• The subject takes his/her hand off the key.
Bimanual Can Manipulation Task: Figure 4.4 displays the total grasp force
(in a blue trace) and the lid switch signal(red) for the bimanual can opening task
performed by one subject. The total grasp force is defined here as the sum of the
four FSR signals, although the sensors enable a finer characterisation of the grasp
on the object. It should be noted that the total grip force and the lid switch signal
are shown as voltage signals recorded from the sensors and the switch. Figure 4.4
also displays the different phases/events of the bimanual can-opening task, which
are shown as snapshots from the task being performed by the subject. The temporal
points corresponding to these different phases/events are displayed on the top of the
graph with the sensor data.
The lid switch signal (in red), shows when the lid was placed on the body of
the object (P2 in figure 4.4), and when it was taken off (P4). The portion of the
task for when the subject was grasping the object is shown in the plot as a gray
background. It is clear to see that the different phases of the task can be obtained
from the sensor data.
Bimanual Jar Manipulation Task: Results from the jar opening task are shown
in figure 4.5. The general layout of the results displayed, in the figure 4.5 is similar
to the results from the can-opening task. The IJar provides grasp force from the
body of the object, grasp force from the lid, and the angular position of the lid
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Figure 4.4: Bimanual can opening task. The figure displays the plot of the sensor
data obtained from the ICan for the can-opening task. The data shown correspond
to a single trial of the can-opening task performed by one of the healthy volunteers.
The pictures in the bottom of this figure are snapshots of the different phases of the
can-opening task [46].
with respect to the body. The jar opening was carried out for two different friction
levels between the lid and the body of the IJar. The results for the two different
conditions, namely difficult and easy, are shown in figure 4.5. The plots show the
total body grip force (in blue), the lid grip force (in black), and the lid rotation
angle (in red). The portion of the task when the subject grasps the object (P2
to P5 in figure 4.5) is shown in light blue background, and the portion where the
subject rotates the lid is shown in a light red background. Snapshots of the different
phases in the jar-opening task are also shown at the bottom of figure 4.5, and their
corresponding temporal locations are indicated in figure 4.5A and B.
The difference between the difficult and the easy tasks can be seen from the
level of grip force required to rotate the lid; a significantly higher grip force (figure
4.5A) is required to rotate in the difficult condition, compared to the easy condition.
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It is also interesting to observe that the lid is grasped before the body, but finish
together, in both easy and difficult conditions.
Figure 4.5: Bimanual jar manipulation task. A and B show the plot of the sensor
data obtained from the IJar for the difficult and easy conditions, respectively. The
snapshots of the different phases of the jar manipulation task are shown at the
bottom of the figure [46].
IKey Manipulation Task: The IKey provides five different channels of informa-
tion, namely the grip force from the key, the rotation angle of the key from keyhole-1,
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and three switch signals from the three keyholes. The information from the IKey
during the key manipulation task is shown in figure 4.6. The plot displays the key
grip force (in blue), the switch signals from keyhole 1 (in black) and 2 (in grey), and
the key rotation angle (in red). The portion of the task for which the subject grips
the key is shown in a light blue background and the portion of the task when there is
rotation of the key after insertion into keyhole-1 is shown in a light red background.
It should be noted that the grip force drops to zero when the subject rotates the
key, as the subject loses contact with the FSR placed on the key. We noticed that
the subjects use the edges of the key to rotate it rather than rotating it by griping
the face of cuboidal part of the key.
The IKEY object was modified after initial testing and was tested with partici-
pants with motor disability. The method and results of the study are explained in
detail in the next section.
4.3 Quantitative Assessment of Motor Deficit with
an Intelligent Key Object: A Pilot Study
4.3.1 Methodology
Apparatus: The apparatus used in this study is a modified version of the Intel-
ligent key presented in [46]. The major change in the design is the introduction
of a new key which has the similar dimensions interms of size but has a different
shaft design as shown in figure 4.7. The original key (Key-1) has a cylindrical shaft
while the newly designed key (Key-2) has the same cylindrical shaft with an extru-
sion along one end. Key-1 can be inserted in the keyhole in different configurations
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Figure 4.6: Key manipulation. The plot displays the key grip force, key rotation
angle, and the switch signals from the two keyholes from the IKey. The picture at
the bottom of the figure show the different phases and events of the task [46].
depending upon the keyhole selected. Key-2 can only be inserted in one possible
way. The new key is introduced to grade the level of difficulty for key insertion.
The easiest key insertion requires no specific configuration while the most difficult
demands exact alignment.
Experiment: The IKey was experimentally evaluated on one healthy subject and
three patients with motor deficits of the upper limb. Individuals with upper limbs
affected by neurological disorders or non-neurological conditions that cause motor
77
4. Intelligent Objects
Figure 4.7: Top: A 3D model of the IKey object and the design of keys. Bottom:
The IKey in use.
deficits who were cognitively able to understand the task and instructions were
selected for the study. Patients without any functionality of the affected upper limb
were excluded. Table 4.2 summarizes the characteristics of each subject. All subjects
in this study were naturally right-hand dominant with right-side hemiparesis (where
applicable). Recent Box and Blocks test scores were available for each of the patients
involved in this study.
IKey assessment participants were seated on a chair or wheel chair (depending
upon severity of impairment or injury) in a symmetrical position with the trunk
extended. The IKey was placed in front of the subject, along the mid-line, with
Keyholes-1 and 2 facing the patient. The key appropriate for the each task (ex-
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plained later in the section) was placed in front of the patient midway between the
front of the IKey and the edge of table along the midline with the shank of the key
pointing toward the IKey, the force sensitive side facing up, and the cable connecting
the key to the box running to the right relative to the subjects perspective. Figure
4.8 illustrates the positioning of the patient and the IKey object.
Figure 4.8: Depiction of the subject and IKey placement.
The purpose and structure of the experiment was explained to the patient. A
demonstration of each task was provided before starting the experiment and verbal
cues were provided throughout all of the trials. Testing was conducted under the
supervision of the patient’s on-duty therapist. During each trial, subjects were asked
to complete the following four tasks. In the case of tasks 3 and 4, the patients were
instructed to rotate 90o in both directions to the best of their ability.
Task 1: Grab Key-1 ; Insert Key-1 into Keyhole-2 (front, bottom); Remove
Key-1 and place in original position.
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Task 2: Grab Key-1 ; Insert Key-1 into Keyhole-3 (side); Remove Key-1 and
place in original position.
Task 3: Grab Key-1 ; Insert Key-1 into Keyhole-1 (front, top); Rotate counter-
clockwise (CCW); Return to center; Rotate clockwise (CW); Return to center; Re-
move Key-1 and place in original position.
Task 4: Grab Key-2 ; Insert Key-2 into Keyhole-1 (front, top); Rotate counter-
clockwise (CCW); Return to center; Rotate clockwise (CW); Return to center; Re-
move Key-2 and place in original position.
The order of tasks was randomized at the beginning of each trial and verbal
instructions indicating which task to complete and how to complete the task were
provided. Patients were instructed to stabilize the IKey with the unaffected limb
and use only the affected limb for key manipulation. Keys-1 and 2 were interchanged
by the experimenter at the appropriate time in accordance with the task order for
each trial.
4.3.2 Data Analysis
The initial two seconds of data from each trial were ignored and the standard devi-
ation of the acceleration magnitude was calculated between t = [2, 4] s relative to
the start of the trial. The following measures use the magnitude-mean acceleration
data, calculated from the x, y and z acceleration components, for the struggle time
metric developed later in this section.
Encoder measurement data of Keyhole-1 angular position was segmented into
four sections during rotation tasks (tasks 3 and 4). Each segment was processed
independently. Angular position data for key rotation in tasks 3 and 4 were grouped
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Subject Sex Pathology Other
Conditions
Box
and
Blocks
Scores
Dominant
Hand
Affected
Hand
1 Male Healthy None N/A R N/A
2 Female Peritoneovenous
shunt, (R)
weakness
(full)
None R:26
L:52
R R-(full)
3 Male Traumatic
brain injury,
(R) weakness
(full), (L)
weakness
(partial)
(R) ra-
dial ulnar
fraction,
bi-lateral
coordi-
nation
issues
R:48
L:42
R R-(full),
L-
(partial)
4 Male Acute en-
cephalomyeli-
tis
None R:18
L:32
R R-(full)
Table 4.2: Summary of the subjects and relevant clinical information.
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together because rotation is independent of key type once insertion is achieved.
Struggle Time: Struggle time was developed as a metric for quantifying the
difficulty in completing any of the four tasks considered in this study. It is assumed
that periods of heightened acceleration activity (e.g. when the box is disturbed
during poorly coordinated key insertion) correlates with greater difficulty for the
subject. The acceleration data was segmented by task and the struggle time for each
was calculated by converting the mean magnitude acceleration to Teager Energy and
applying a threshold detector.
Teager Energy: The Teager Energy Operator (TEO) is a common signal process-
ing technique that provides an estimate of the instantaneous energy of an arbitrary
signal [91]. The definition of the discrete TEO [91] is given by:
Ψ[sn] = s
2
n − sn−1sn+1 (4.1)
where sn is an arbitrary discrete time signal.
Teager Threshold Detector: A threshold detector was designed for analysis of the
Teager Energy (TE) of acceleration to identify periods of pronounced kinetic activity.
The threshold detector algorithm operates on both TE magnitude and duration.
Including duration ensures that isolated spikes are excluded from the metric. The
TE standard deviation between t = [2, 4] s, i.e. the initial rest period, was calculated
for each trial and used as the baseline for the threshold. The magnitude criterion
was satisfied when the magnitude of the TE exceeded 7 times the baseline standard
deviation. The threshold was maintained in the active state until the threshold
criterion was no longer satisfied at any point within a period of 0.5 s. Finally,
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threshold pulses lasting 0.2 s or less were removed.
Smoothness of Key Rotation: The smoothness of the pronation/supination key
rotation movements of Tasks 3 and 4 were assessed by breaking both tasks into four
subtasks: CCW rotation (pronation) from center, CW rotation (supination) toward
center, CW rotation from center, and CCW rotation toward center. A cubic spline
fit was applied to the subtasks angular position and the data was up-sampled to
1000 Hz. Angular velocity was then calculated by numerical differentiation.
Spectral Arc Length: The Spectral Arc Length (SAL) smoothness metric devel-
oped in [92] was applied to angular velocity of the subtasks in each trial. SAL is a
robust, dimensionless measure of the length, and thus the complexity, of a frequency
spectrum curve over the bandwidth of interest. SAL is defined by:
ηsaldef = −
∫ ωc
0
√√√√( 1
ωc
)2
+
(
dSˆ(ω)
dω
)2
dω, Sˆ(ω)def =
S(ω)
S(0)
(4.2)
where S(ω) is the Fourier magnitude spectrum of velocity speed signal s(t) and
[0, ωc] is the frequency band occupied by the movement of interest. For this study,
the upper frequency bound was set to 20 Hz as this is typically sufficient to capture
normal and abnormal human motions [92].
4.3.3 Results
All participants were able to complete the tasks with the exception of subject 4, who
was unable to complete the tasks without assistance from a therapist and struggled
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to follow the instructions properly. The data of Subject 4 was excluded from the
results in this study.
Figure 4.9 demonstrates typical data for Task 4 for the healthy and one affected
subject. The top plots illustrate the angular position of Keyhole-1 and the force
detected by Key-2 while the bottom plots provide the TE of the mean magnitude
acceleration and the resulting threshold detector.
Figure 4.9: Struggle time for healthy subject is less compared to affected population;
(a) shows task performance of healthy subject and calculated struggle time and (b)
shows task performance of one impaired subject and estimated struggle time.
Struggle Time: Figure 4.10 shows struggle time for each task. The results in-
dicate that overall struggle time for the healthy subject is lower than that of the
affected population. Among the different tasks, struggle time is higher for tasks in
which the subject had to orient the key appropriately for insertion into the keyhole,
i.e. struggle time is higher for Tasks 3 and 4 compared to Tasks 1 and 2.
Smoothness of Key Rotation: The results of the smoothness measure also
indicate an increase in smoothness of key rotation as the level of disability decreases,
i.e. the subject with higher box and block score has higher value of smoothness than
the subject with the lower score. Figure 4.11 shows the combined results of rotation
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Figure 4.10: Bar plot of struggle time of analyzed population.
during tasks 3 and 4. Since tasks 3 and 4 differ only in key insertion, the key rotation
sub-tasks of both cases are grouped in the assessment of smoothness.
4.4 Discussion and Future Work
The designed instrumented objects can be used for training and assessing four basic
manipulation tasks - pick-and-place, can-opening, jar-opening, and key manipula-
tion - which cover a broad range of skill level required to perform day-to-day tasks.
Improvement in performance over time for the proposed manipulation tasks can be
assessed by observing grasping patterns, smoothness of task execution, coordina-
tion between hands during bi-manual exercises and grip-load force variation during
reaching tasks. Preliminary testing with two healthy volunteers demonstrated how
the sensory signals can be used to analyse the motion behaviour in representative
tasks. However, some prominent issues were highlighted as a result of further testing
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Figure 4.11: Movement is less smooth for subjects with higher degree of impairment
(see box and blocks test score).
of the first prototype of the instrumented objects.
IKey: In the case of IKey one of the major issue realised was:
• Limited task grading: only one type of key with a simple cylindrical shaft
allowed many possibilities for key insertion in the key hole, making it difficult
to distinguish participants with higher fine motor skills (capable of inserting
the key in a specific orientation) from relatively lower motor skills.
To address the issue a new version of IKey with a new key was designed and
preliminary pilot study was carried out with functionally disabled population. Pilot
IKey study: The study demonstrated how IKey can be used for the assessment of
fine manipulation tasks by examining subject performance in activities similar to key
handling and manipulation. Three parameters were considered for the purpose of
assessment: 1) successful key insertion, the ability of a subject to successfully insert
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the key inside the three different keyholes which varied by type/configuration, 2)
struggle time, the amount of time subjects struggles to perform a task as a result
of incorrect orientation, positioning, and 3) smoothness, the ability of the subject
to efficiently perform the defined pronation and supination tasks. Although the
number of subjects tested is limited, the results indicate that these measures have
potential for quantitatively grading a subject’s performance. In this case all subjects
were able to place the key in the keyholes. In general, subjects with severe disability
may have more difficulty in placing the key in the keyhole, especially for cases in
which the key requires a specific orientation.
Struggle time for the healthy subject is always less than that of the unhealthy
subjects and increases for tasks involving specific orientation of the key; subjects
with disability experience difficulty in orienting and positioning the key in front
of the hole and the chance of striking the wall of the box will be greater, as is
evident in the data. Smoothness has been used as a measure of task performance
in number of studies [60, 92–94]. In general, increased smoothness is observed for
healthy subjects. We have used the Spectral Arc Length proposed by [59] as it
has been shown to be more robust than other measures proposed. Our findings are
in agreement with the previous results, i.e. smoothness increases with decrease in
disability.
The current study was open to subjects with any form of upper limb motor
deficits as the aim was to investigate the working principle. A broader study with
larger set of patients, with a more refined inclusion criteria will help investigate
reliability and sensitivity of the measures proposed. The current study did not
assess force information from IKey as patients often grab the key without touching
the force sensitive surface an issue that needs to be addressed in future studies.
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Multivariate analysis of these measures can be used to help grade a subject’s per-
formance, but this remains to be investigated. The results indicate that acceleration
data recorded from the box can be used to estimate the subject’s difficulty using the
struggle time metric and Spectral Arc Length can be applied to key rotation tasks
to assess smoothness in pronation/supination.
IJar and ICan: Issues noticed when using the IJar and ICan objects included:
• Force sensing (ICan and IJar), the designed object used standard sized force
sensitive resistor patches for assessing grasping patterns. If the force was ap-
plied in between the force sensors, the force was not assessed, creating difficulty
in analysing the exact pattern in some cases.
• Shape of object, feedback from therapist and testing with participants with
motor disability revealed the need for the addition of more simpler objects,
like a simple box which can be grasped by participants with smaller web space
to increase the range of participants.
Based on the current prototypes currently a new intelligent object is being de-
signed by Dr. Nathanael Jarrasse with features of both IJar and ICan. It has a
cuboid type structure with a set of load cells fixed internally to determine accurate
force on its surface independent of where force is applied. The screw manipulation
principle remains principally the same (see figure 4.12). An extra magnetic cap can
be added at the bottom of the object (not shown in figure) for practicing bimanual
gesture of removing a cap of a can. Like first version data from load cell (after
amplification) is fed to MIMATE which than transmits it to remote workstation.
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Figure 4.12: Design of cuboid IJar/ICan without the bottom cap. From left to right:
external view, top view, section view without electronics.
A new object Intelligent Box (IBox) is also designed by Dr. Nathanael Jarrasse.
Like IJar, it uses a set load cells to determine accurate force on each of its surface.
Features of the new IBox are discussed in the following chapter.
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Chapter 5
SITAR- System for Independent
Task-oriented Assessment and
Rehabilitaton
Overview — This chapter first presents SITAR (System for independent Task
oriented Assessment and Rehabilitation), designed to assess and improve upper limb
sensory motor functions during ADL tasks. This is followed by a preliminary study
with SITAR to assess sensorimotor functions during tasks relevant to ADL. The
results indicate significant differences between sensorimotor performance of stroke
and healthy populations during reaching, pick and place, proprioception and sensory
assessment tasks. Finally, this chapter briefly discusses the potential use of SITAR
as a rehabilitation tool.
Contributions to SITAR - The ITable was designed by Julius Klein and Nick
Roach, and Nathanael Jarrasse designed the new IBox described in this chapter. I
contributed to the design of the assessment and to the development of the assess-
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ment software, carried out the study with stroke survivors and analysed the data.
Sivakumar Balasubramanian and Apit Hemakom were involved in the design of the
protocol, in the development of the assessment software and in the data analysis.
Sarah guy contributed to the design of protocol and helped in carrying out the study.
5.1 Introduction
In recent years, sensor-based approaches to assessment have been significantly in-
vestigated with respect to assessing kinematic and kinetic parameters, and include
wearable inertial sensors, instrumented objects, optical camera-based systems and
force sensor-based systems. All these systems are potentially feasible for assess-
ing a component of an activity of daily living (ADL). However they independently
only provide limited information to fully assess all components of an activity. For
example, a simple pick and place task has multiple stages: the reach phase, the
grasping/picking up phase and the re-placement phase. Simply assessing the ability
to grasp might not give sufficient information to understand participants (in)ability
to complete a pick and place task. Moreover currently an understanding of what
tasks to assess and with in those tasks what parameters to assess and finally what
measures to use for quantifying these parameters is lacking. Therefore, it is im-
portant to design a system which can be used to assess the complete activity and
investigate clinically useful measures by analysing the kinematic and kinetic param-
eters during the complete task time-line.
In order to address this issue we have built on the work presented in the Intel-
ligent Objects chapter (chapter 4) and have developed a compact and cost-effective
multi-sensor systems with capabilities for assessing complex sensorimotor impair-
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ments and functions (e.g. reach and grasp, bimanual manipulation) for assessment
(and potentially training) of upper limb motor functions, namely the SITAR. The
system includes components for quantifying both kinematic and kinetic parame-
ters using a set of wearable sensors, touch and force sensitive screen, instrumented
objects and a motion capture system1.
This chapter discusses the SITAR system and describes its main components
and features. The description is followed by a pilot study with ten healthy and six
stroke-affected participants to investigate the system’s ability to assess sensorimotor
capacity of upper-limb.
5.2 SITAR
The SITAR (System for Independent Task-oriented Assessment and Rehabilitation),
is a novel sensor based platform developed for training and assessment of patients
with sensorimotor deficits by focusing on meaningful functional tasks relevant to
day to day life.
Currently, the fundamental building blocks of the SITAR include, 1) MIMATE
platform, 2) tangible intelligent tabletop, 3) intelligent objects.
5.2.1 MIMATE
The MIMATE (Multimodal Interactive Motor Assessment and Training Environ-
ment), is a versatile embedded platform for developing interactive devices for a
variety of applications. In SITAR, MIMATE serves as an integral part for collect-
1Currently, the members of the Human Robotics group are integrating the kinect to monitor
parameters such as trunk restraints without using complex marker based systems (initially used).
92
5. SITAR
Figure 5.1: An overview of the SITAR components. The device consists of a tan-
gible intelligent table top, a set of intelligent objects and kinematic detection tools
integrated together for monitoring activities of daily living.
ing data from the instrumented objects and tangible table top independently, and
transmitting it to a remote workstation where all the information is processed for
assessment and/or for providing feedback to the participant. A detailed description
of MIMATE has been given in chapter 3.
5.2.2 Tangible Intelligent Tabletop (ITable)
The ITable is a simple and affordable multi-modal touch screen designed by Julius
Klein and Nick Roach from the Human Robotics Group of Imperial College London.
It is designed for measuring haptic interaction, including touch, force, impact and
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for providing visual and audio feedback interface for game-like neurorehabilitation
and sensorimotor assessment.
The hardware unit of the ITable consists of a a toughened glass surface placed
on a set of load cells. A TV display is placed underneath the glass giving the user
the illusion that he/she is interacting directly with the display. MIMATE collects
information from the load cells of ITable and sends it wirelessly to the workstation
where it is processed to identify touch, the interaction force, and the location of
objects (if any) placed on the screen. The following are some of the main features
of the ITable:
• Smart sense: ITable offers the possibility of differentiating between a human
touch and physical objects placed on its surface, an attribute of some very
expensive tangible table tops only (e.g. Microsoft Surface 2.0).
• Object recognition: It is capable of uniquely identifying any object placed
on its surface based on the weight and can recognise the object when placed
again1. This feature voids the need for attaching unique tags or markers to
object for identification purposes.
• Position estimation for multiple objects: At any one time, multiple ob-
jects can be placed within the workspace and the position of each can be
determined independently2.
• Human touch: The ITable can recognise and identify a single human touch
regardless of the number of objects placed on its surface.
1The statement is valid for objects with different weights only. Objects of same weight cannot
be uniquely identified
2Multiple objects can be placed on the workspace. However, objects have to be placed one at
a time.
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• Force estimation: ITable can also accurately determine the force applied by
hand and or objects placed on its surface at any given time.
5.2.3 Intelligent Objects (IObjects)
The Intelligent Objects are a set of compact cost-effective multi-sensor based sys-
tems designed for assessment and rehabilitation of motor performance during skilled
tasks of pick-and-place, can-opening, jar-opening, and key manipulation. The de-
signed IObjects imitate the behaviour of daily used objects making the tasks more
motivating and interesting. Details of three intelligent objects that will be used
(IJar, ICan, IKey) is available in the previous chapter. Based on the feedback from
therapist and participants, initial testing and additional assessment requirements of
more accurate force sensing using SITAR two new IObjects were designed namely,
IBox and IWatch.
IBox: IBox is an addition to the existing set of instrumented objects presented
in chapter 3. It is designed as a part of SITAR by Jarrasse et al. for accurately
analysing grasping strategies and functions during manipulation tasks [45]. It comes
in the form of a parallelepiped (see figure 5.2) with dimensions 108×70×40 mm and
approximately weighs 340 g. Like other IObjects, the IBox uses MIMATE for data
collection. It measures accelerations, rotational velocities and orientations (thanks
to an IMU) of the IBox, along with the values of distinct forces applied normally
to its six surfaces (up to 20 N). It then transmits these values wirelessly through
Bluetooth to a computer, at a 100 Hz frequency, approximately.
The use of IBox for analysing grasping strategies and functions has been discussed
in detail in [45]. Figure 5.3 gives an example of data extracted from force sensors
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Figure 5.2: The assembled IBox (right) and its internal structure (left) i.e. placement
of MIMATE module and load cells. IBox is capable of measuring force on its six
surfaces and can give information on acceleration, velocity and orientation.
of IBox when a healthy subject grasps an object using a precision grip and power
grasp during a pick and place task. For further details the reader is referred to [45].
IWatch, is similar in appearance to a wrist watch, and like other IObjects, is
based on the MIMATE module. Placed on a subject’s wrist, it is designed to access
kinematic information from the participant such as hand acceleration, velocity and
or orientation. Furthermore, information can be collected by attaching appropriate
sensors to analog/digital channels of MIMATE. The main considerations for the
IWatch design were:
• Comfortable, it should be easy to strap on participant’s hand.
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Figure 5.3: The figure shows data from a healthy subject while grasping IBOX using
precision grip (left) and power grasp (right). The plot show the typical force data
during both tasks. Times: onset of movement (tr), lifting (tl), peak force (tp),
deposit (td) and end of movement (tf). Each trace is one trial. The force sensors
are indicated in legend [45].
• Multipurpose, can be used for fixing MIMATE to other systems i.e. as a pro-
tective casing for the module, while still being able to access data acquisition
channels.
• Easy assembly and low cost, should be easy to assemble using the minimum
number of parts possible.
• Modular, battery compartment and MIMATE case should be able to be used
independently or together in different configurations.
Based on these considerations, the hardware of the IWatch was designed and it
comprises of two main parts, Lid and Base, which can be screwed together to hold
the MIMATE stable. Figure 5.4 shows how different parts of MIMATE can be
accessed through IWatch. The designed two part structure for the case yields easy
placement of the MIMATE module. The Base of the IWatch has an extruded cut
with an aluminium rod for easy placement of standard wrist band. The Battery for
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MIMATE can be screwed on top of the IWatch for a compact design as shown in
figure 5.4 or can be placed separately with the help of a connecting wire (see figure
5.4).
Figure 5.4: The figure shows the IWatch (top left). The MIMATE is fixed inside
the case (exploded view top left) with all connections available for use from the top
and bottom of the case (bottom left and right figure).
5.2.4 Features of SITAR
Data from the MIMATE, the ITable and the Intelligent Objects are collected by a
remote workstation where the data are assessed collectively to extract meaningful
kinematic and kinetic parameters relevant to the activity. Based on the information
online, graphical feedback can be given to the user using the ITable display in the
form of a “game style” application and or by using the feedback components in
the IObjects. This method of integrating different sensor-based systems to extract
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multiple task relevant information, along with the possibility of providing online
feedback (visual, audio, tactile) (figure 5.5) allows the SITAR to have following
main features:
• Autonomous assessment and therapy: the SITAR uses components (MI-
MATE, ITable, Intelligent Objects) that are instrumented with sensors and
can monitor multiple components of an activity, thus allowing the system to
measure and analyze the performance of patients. This can be used for auto-
matic adaptation of therapy tasks such as difficulty and also provide feedback
about performance.
• Motivation:, working with intelligent interactive objects and a responsive
game style workspace (ITable display) allows subjects to focus their attention
on the task, making it more fun and motivating.
• Assessment and rehabilitation of ADL: the intelligent objects used in
the SITAR resemble real life objects in term of their shape, and are designed
to be used like real objects. This way, when subjects train with these objects,
they would have to learn all the essential components of performing the task
successfully using the correct visuo-motor coordination. For example, subjects
would learn to appropriately co-ordinate hand transport and hand opening
components to prevent knocking over the object. This type of training is
not possible with systems like the ReJoyce [90], where the interactive object
is suspended using a manipulandum, and the visual feedback, provided by a
monitor, is disconnected from the object.
• Decentralized use: the SITAR is a compact system suitable for deployment
in small clinics and patients homes.
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5.3 SITAR - A Pilot Study
The aim of this pilot study is to investigate ability of the SITAR to assess sensori-
motor capacity and functions of the upper limb, potentially highlight some standard
tasks and measures that can be further investigated to quantify sensorimotor per-
formance.
5.3.1 Method
Apparatus: The ITable, the IBox, the IWatch were used in this preliminary
SITAR study along with a clinical tool namely the AsTeX R© for sensory assess-
ment. Designed at the University of Melbourne, it is a tool for quick and accurate
screening and quantification of sensory impairment [95]. In terms of hardware, it
is a rectangular plastic board with parallel vertical ridges and grooves that loga-
rithmically reduce the width and are printed on a specific test area of the board.
For sensory assessment, participants put their index finger on the rough end of the
AsTex board and then slide their index finger slowly along the specific test area
until the surface feels smooth [95].
Data from IWatch, IBox, ITable and AsTex R© (indirectly via ITable) were col-
lected by a workstation running Visual Studio C++ at approximately 100 Hz. For
providing a graphical interface XNA Game Studio 4.0 (Microsoft) was used. Data
relevant to the task were sent from SITAR software written in C++ program to the
assessment program written in C# (XNA game studio) via UDP protocol. Based
on the assessment goal, different kinds of tasks appear on the screens.
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Figure 5.5: Figure shows the AsTeX R© and how it can be used for quantification
of sensory impairment. Participants slide the finger on the board from rough to
smooth area until they feel smooth. The distance covered is used as a measure to
quantify sensory impairment [95].
Participants: A total of ten healthy subjects (age: 25.4 ± 6.46) and six stroke
patients (age: 50.5 ± 12.6) have currently been enrolled in the on-going study. Bi-
ographical information of stroke subjects is shown in table 5.1. Assessment of the
stroke subjects was carried out at National Hospital of Neurology and Neurosurgery,
London. The study was approved by the research ethics committee, UK.
No. Age Sex Affected Side Fugl-Meyer
1 60 M Right 10
2 54 M Left 35
3 52 M Right 42
4 35 M Right 23
5 36 F Left 46
6 66 F Left 21
Table 5.1: Table shows the details of six stroke subjects who participated in the
study.
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Inclusion criteria: Stroke patients with upper limb impairment who are able to
initiate a forward reach (grade 2 on MRC at shoulder and elbow), and are cognitively
able to understand and concentrate adequately for performance of the task were
selected for the study.
Patients with no upper limb deficit following stroke or with severe comorbidity
including severe osteoarthritis, rheumatoid arthritis, significant upper limb trauma
(e.g. fracture), or peripheral neuropathy were excluded along with people with
severe neglect (star cancellation test and line bisection test) or cognitive impairment
(MMSE) were also excluded from the study.
Procedure: Participants were seated on a chair fitted with a back support. The
participant’s feet were flat on the floor, and their hips and knees were ensured to be
approximately at 90◦. The ITable was set in front of the participant at a comfortable
height. Their affected arm was placed on an arm support on the table top with their
shoulder in a neutral position, their elbow at approximately 90◦ of flexion and their
forearm pronated. Adjustments were made to the starting position to ensure comfort
if the subject had restrictions in the passive range. Subjects were asked to wear the
IWatch on the wrist of their affected arm. A harness was placed around the patient
for use in one of the reaching tasks to limit trunk movement. The harness was not
used during any of the other tasks.
In order to evaluate the validity of sensor-based assessments, the affected hands
of the stroke patients were assessed using both the SITAR and standard clinical
scales. Healthy subjects were only evaluated using SITAR. In the case of the healthy
subjects, both hands were tested. For SITAR, assessment, subjects were asked to
perform the following tasks:
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• Task A: Reaching with trunk restraint
• Task B: Reaching without trunk restraint
• Task C: Pick and place
• Task E: Tactile resolution
• Task F: Proprioceptive sensing
Task A, Reaching with trunk restraint: The subject was supported in a chair
using a harness to prevent compensatory displacements of the trunk. The purpose
of restraining the trunk was to assess the true reachable workspace without com-
pensatory trunk movement. Subjects were asked to reach as far as possible to five
different angles (displayed randomly), at 0◦, 45◦, 90◦, 135◦ and 180◦. Targets were
displayed on the ITable. Subjects started each movement from a resting position
on the table top and, when instructed, moved towards the target in a direct path
as much as possible. Subjects were asked to reach as far as possible in the desired
direction and then stop. Subjects were asked to reach three times to each of the
five targets. Subjects were allowed to have as much rest as required after each
movement.
Task B, Reaching without trunk restraint: The only difference between task A
and this task was that no constraint was applied to the subjects. The subject was
free to move the trunk; however, they were verbally instructed by the therapist to
avoid moving the trunk.
Task C, Pick and Place: Subjects were asked to reach for the IBox (placed by
the therapist on the ITable), grasp it and then transfer it to another location (see
figure 5.8). This task consisted of three types of pick-and-place tasks performed
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Figure 5.6: Flow chart of the protocol adopted for reaching with(out) trunk restraint
tasks (left) and Pick and place tasks (right).
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Figure 5.7: Visual representation of the reaching task. Subjects were asked to reach
as far as possible on the displayed grass path. Flowers and a bee were used to
indicate task completion; a bee hive defined the start position.
with the IBox placed in three different orientations. Each test was repeated three
times. The three different object orientations are tested in the order outlined below.
The targets were set in midline at 80% of each subject’s maximum reach (calculated
from task B). Subjects were only asked to do tests 2 and 3 if able to complete test
1.
• Test 1: Block with largest surface on the table and longest side parallel to
table edge on starting position marked on the screen.
• Test 2: Block standing on its smallest end with the larger side facing the
subject.
• Test 3: Block standing on its smallest end with the narrowest side facing the
subject.
The start position was located in front of the participant (90◦) at a distance
corresponding to 80% of his reaching distance of the 90◦ direction measured from
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Figure 5.8: Visual representation of pick and place task (left). For all orientation
subjects were asked to reach for the IBox (blue circle), grasp it and then transfer it
to stop location (red circle).
the without-trunk-restraint workspace assessment (WSA). The location of the stop
position depended upon which arm is to be evaluated. If the left arm is to be
evaluated, the stop position was located on the 135◦ direction as shown in figure
5.8, whereas if the right arm is to be assessed (patient’s right arm is weaker than
the left arm), the location of the stop position was the 45◦direction. In principle,
the position of the stop position was always located away from the body midline.
The distance of the position from each patient was 80% of the maximum reach in a
corresponding direction, estimated from the without-trunk-restraint WSA.
Task D, Tactile resolution: for this task, the AsTeX R© board was placed on the
ITable at the defined position in front of the subject. Subjects were then asked
to wear a blindfold and then a therapist or researcher guided their index finger
across the marked indentations. Starting from more coarse grooves, to more refined
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Figure 5.9: Visual representation of tactile resolution task (left). Participants finger
is moved across the AsTeX R© while keeping track of applied force. Subjects indicate
when board felt smooth.
indentations. During the movement, the therapist ensured that the force applied
during the task was constant by keeping track of the visual feedback of force given
on the screen. Subjects were asked to indicate when the surface of the AsTeX R©
board felt smooth (see figure 5.9). The process was repeated three times.
Task F, Proprioception task: participants were asked to wear a blindfold and
their weaker arm was positioned on the ITable by the researcher or therapist and
was removed after a short duration when indicated by the ITable. The subject was
then asked to position their stronger arm in the mirrored position, placing a healthy
hand on the opposite side of the touch table with approximately the same positions
as that of the weaker hand (see figure 5.10). Participants were asked to repeat this
three times. The weaker arm was moved to three different positions (0◦, 45◦ and
90◦ for the right-weaker hand, 180◦, 135◦ and 90◦ for the left-weaker hand). The
distance from the reference point (the same as the WSA assessment) for each point
is approximately 18 cm, which is 80% of the average minimum reaching distance
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Figure 5.10: Visual representation of proprioception task (left). Participants weaker
arm is positioned on ITable and removed after short duration. The subject then
mirrors the position on the ITable with the healthy hand.
of healthy subjects in the 90◦ direction measured from the without-trunk-restraint
WSA. An overview of the original positions and expected mirrored positions for
testing the right-weaker hands is shown in figure 5.10.
5.3.2 Data Analysis
The analysis of the tasks involved the segmentation of kinematic and kinetic data,
feature extraction, and the statistical analysis of the relationships between the dif-
ferent measures to the standard clinical scales. This section focuses on the data
segmentation, statistical analysis and feature extraction methods used. All the data
were processed using MATLAB.
Reaching with(out) trunk restraint - Workspace assessment (WSA): WSA
data was segmented into three different stages which were then used for further pro-
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No Task Procedure
1 Reaching with trunk re-
straint
Reach maximum distance in the directions
0◦, 45◦, 90◦, 135◦ and 180◦
2 Reaching without trunk re-
straint
Same as above but without trunk restraint
3 Pick and place Reach IBox, pick it and place it at the spec-
ified position
4 Tactile resolution Move subject’s index finger on astex board;
subject indicates when it feels smooth
5 Proprioceptive sensing Mirror the position of weaker arm in the di-
rections 0◦, 45◦ and 90◦
Table 5.2: Table gives an overview of the SITAR assessment tasks.
cessing. 1) Stage 1: the participant presses on the hive (initial point) to start the
task; transition from stage 1 to 2 occurs when the participant releases the hand
from ITable. 2) Stage 2: starts when the participant releases their hand from the
ITable, moves and presses on the path shown on the touch table. 3) Stage 3: the
participant releases their hand from the path and moves back to start position to
end trial.
Data collected during the segmented reaching period from the task relevant com-
ponents of SITAR (i.e. ITable, IWatch) were used to investigate the following pa-
rameters:
Normalised reaching distance: the displacement during the reaching stage (see
figure 5.11) between the start position and final position in each direction divided
by the length of the affected arm. Normalisation is done to compare people with
different arm lengths.
∆SWSA(n) =
pfinal(Xn, Yn)− pstart(X, Y )
laffected
(5.1)
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Figure 5.11: A typical reaching task profile. The profile data was segmented into
three different parts. The reaching period (green) in the middle was used for data
analysis to investigate different parameters.
Here, n represents the direction and laffected is the arm length of the upperlimb in
use for the task. Pfinal and Pstart are the final and start positions, respectively, and
SWSA is the displacement.
Reaching speed: the average velocity while moving from the start position to the
final position during the reaching task.
∆vWSA(n) =
∆SWSA(n)
∆t
(5.2)
Here, vWSA is the average velocity and ∆t is the time duration of the trial.
Number of drags: the number of times the subject drags/places his hand on the
table before reaching the final position.
∆DDrag(n) = Σ
Idrag
0 i (5.3)
DDrag represents the total number of drags and i represents a drag.
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Total drag time: is the sum of overall time spent dragging on the ITable surface
during the reaching task.
∆TTotalDrag(n) = Σ
Idrag
0 i ·∆t(i) (5.4)
TTotalDrag is the total drag time and ∆t represents drag time of single dragging
incidence.
Workspace area: the area covered by reaching in the five directions.
Aarea =
∫ 180◦
0◦
f(x) dx. (5.5)
Pick and place assessment: A typical profile of the pick and place task is shown
in figure 5.12. Data from the profile were segmented into five stages. 1) Stage 1: the
participant presses on the initialisation button to start a trial to the point where he
just leaves to reach for the IBox (the transition point from stage 1 to stage 2). 2)
Stage 2: the participant moves to reach the IBox (zero force) until he touches the
IBox (a change in force applied on one of the six load cells of the IBox. 3) Stage
3: the participant grasps and lifts the IBox. 4) Stage 4: the participant moves the
IBox to the stop position. 5) Stage 5: the IBox is detected on the stop position, and
the participant presses on the stop button to end a trial.
Reaching speed: the average speed of moving from the start position to the IBox,
placed at 80% of the subjects maximum workspace.
v(k)reach =
dWSE × 0.8
∆t
(5.6)
Possible three different orientation of the IBox are represented by k.
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Figure 5.12: A typical profile of pick and place task. Figure shows the data of
ITable (top) and IBox (bottom). Data is segmented to identify reaching, grasping,
movement and placement periods to assess different parameters.
Grasping time: the time it takes to grasp the IBox after the initial touch. Full
grasp is recognised when the object is lifted from the table.
∆t(k)grasp = tlifted − ttouched (5.7)
tlifted and ttouched correspond to the lifting and the touching time.
Transportation speed: the average speed of moving the IBox from its initial
position to the final position.
∆v(k)transport =
dstart − dfinal
∆t
(5.8)
In the equation, dstart and tfinal correspond to initial and final position of the IBox.
Peak force, the maximum amount of force applied to the IBox during the trans-
portation.
∆F (k)transport = max(Force(n)) (5.9)
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Peak duration: the time duration during the IBOX moving phase where the force
is approximately 80% of the maximum peak force.
The tactile resolution: Data from the AsTex R© board was used to assess the
total dragging distance. The distance is measured from the time therapist places
the participant’s finger on the board to the point at which the subject feels smooth.
The Proprioceptive assessment: The data from proprioceptive test was used
to estimate degree of error in joint angle estimation.
∆epp =
2
√
(ypredicted − yexpected)2 − (xpredicted − xexpected)2 (5.10)
Here, point (xpredicted, ypredicted) is the predicted mirrored position while (xexpected, yexpected)
is the original position.
Statistical Analysis: A non-parametric Wilcoxon Rank Sum test was used on
data of healthy subjects to investigate the difference between the dominant and
non-dominant hand for each of tasks. The Kruskal-Wallis non-parametric version
of ANOVA was used to compare differences between multiple direction for the same
limb. For establishing the baseline for stroke patients, the data of both hands
(dominant and non dominant) were combined to investigate statistical significance
with respect to different components of each task. Rank Sum and Kruskal-Wallis
(KW) tests are used because of limited number of subjects. The critical p-value of
0.05 was selected for rejecting the null hypothesis unless stated otherwise.
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5.3.3 Results-Healthy
All the healthy subjects were able to complete the defined assessment tasks with
both upper limbs.
The workspace Assessment: Normalised reaching distance: figure 5.13 shows
the average displacement in each direction for the ten healthy subjects (see table 5.3
for standard deviation). No significant difference was observed between the left
Figure 5.13: Shows average normalised reaching distance of the left hands (left) and
right hands (right) of ten healthy subjects. See table 5.3 for standard deviation.
and right side (dominant and non dominant side) for all directions (angles) for
both with and without trunk (WT and WOT) restraint cases (all − directions :
WT−p>0.56;WOT−p>0.39) (right hand directions 0◦, 45◦, 90◦, 135◦and 180◦ were
compared with 180◦, 135◦, 90◦, 45◦ and 0◦ directions of left hand, respectively).
However within the five directions of the task, the non-parametric KruskalWallis
test showed a significant difference for the five directions for both WT and WOT
cases (WT − p<0.001;WOT − p<0.001). Similarly, a significant difference was
observed between reaching distance between WT and WOT for all directions except
at 0◦(180◦ : p<0.001; 135◦ : p<0.001; 90◦ : p<0.001; 45◦ : p<0.05; 0◦ : p>0.2).
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Side 0◦ 45◦ 90◦ 135◦ 180◦
Left wot 0.069 0.112 0.117 0.069 0.035
wt 0.066 0.097 0.095 0.056 0.038
Right wot 0.037 0.086 0.123 0.121 0.064
wt 0.037 0.070 0.112 0.110 0.073
Table 5.3: Standard deviation of normalised reaching distance of the ten healthy
subjects.
Figure 5.14: Shows average normalised reaching speed of the left hand’s (left) and
right hand’s (right).
Reaching Speed: observed values for the healthy population are shown in figure 5.14
and standard deviation in table 5.4. Like normalised reaching distance, no significant
difference was observed between left and right hand side for any particular direction
(all−directions : WT −−p>0.1;WOT −p>0.4) except at 0◦(p< < 0.04). However,
unlike the reaching distance, no significant difference was observed between WT and
WOT (all − directions (ex.90◦) : p>0.079) except 90◦ (p<0.02). Finally, speed did
depend on direction for both WT and WOT (WT : p<0.01;WOT : p<0.01);
Average number of drags and drag time: all subjects completed the trials without
dragging or placing their hand (see figure 5.15); as a result, zero drag (time) was
observed for healthy participants for both left and right hands.
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Side 0◦ 45◦ 90◦ 135◦ 180◦
Left wot 42.259 44.1 51.8 48.6 45.8
wt 42.6 37.7 39.05 43.5 66.12
Right wot 41.85 47.23 40.68 44.272 51.5
wt 43.0 29.21 40.32 41.26 36.94
Table 5.4: Standard deviation of normalised reaching speed of the ten healthy sub-
jects.
Figure 5.15: Shows the number of drags for healthy participant’s. No participant
required assistance from table to reach the final position.
Workspace area: figure 5.16 below shows the proportion of average workspace
area of the ten healthy subjects using their left and right hands to perform the WSE
assessment. No significant difference was observed between left and right side for
Figure 5.16: Shows the percentage of area covered by left (left) and right (right)
side. A Significant difference exists between WT and WOT conditions.
both WT and WOT cases (WT − p>0.8;WOT : p>0.8). However, a significant
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difference exists between WT and WOT (p<0.007).
The pick and place assessment: Object approaching speed: figure 5.17 shows
the reaching speed of the ten healthy subjects using the left and right hands while
approaching for the IBox in three orientations. No significant difference was found
Figure 5.17: Figure shows the reaching speeds of healthy participants for the three
orientations (see protocol section for details). No significant difference was observed
between left and right hand for any of the orientation.
between the reaching speed of left and right hand side for each orientation, (all −
orientations : p>0.1). Similarly, the KW test revealed no significant difference with
in the three orientation reaching speeds (all − orientation : p>0.7). The overall
average median speed in all orientations around 259± 17.3 mm/s.
Grasping time: figure 5.18 shows the grasping time of the healthy participants.
No significant difference was observed between the left and right sides using rank sum
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Figure 5.18: Distribution of grasping time for healthy participants for the three
orientations. No significant difference was observed between the left and right hands
for any of the orientations.
test for orientations 1 and 2; however significant difference was observed between
left and right for orientation 3 (orient.1 : p>0.5; orient.2 : p>0.1; orient.3 : p>0.02).
Within the three orientations for the combined left and right hand sides, no signif-
icant difference was observed (p>0.1). The overall time required to grasp the IBox
for all the three orientation, is on average, less than half a second (421± 50 ms) for
all the possible orientations.
Lifting Speed: the lifting speed for all the three orientations for the healthy
population is shown in figure 5.19. Like the reaching speed, no significant difference
was observed between the left and right hands for any of the orientations (all −
orientations : p>0.29). Within the three orientations, no significant difference was
observed during the transportation phase (p>0.9). The average median lifting speed
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for all orientations is estimated to be around 245± 15.55 mm/s.
Figure 5.19: Distribution of speeds during the transportation phase of IBox for
healthy participants.
Peak grasping force: figure 5.20 shows the peak grasping forces of the ten healthy
subjects using their left and right hands for the three orientations. No significant
difference was observed between left and right side for each of the orientation (all−
orientations : p>0.2). However, a significant difference was observed within the
peak forces of the three orientations (p<0.003). In particular, the peak grasping
force for the first orientation (12.6 ± 1.07 N) appears higher compared to other
orientations (orientation 2: 9.5± .042 N and orientation 3: 10.17± 0.23 N).
Peak duration, figure 5.21 shows the duration of the peak grasping force for
the left and right hands during transportation of IBox. Similar to other mea-
sures, no significant difference was observed between left and right hand sides
(all− orientations : p>0.1). However, unlike the peak grasping force, no significant
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Figure 5.20: The peak forces observed during the transportation phase of IBox for
healthy participants.
difference was observed in the duration of the applied force for the three orientations
(p>0.2). The average median duration for all orientation was 225± 23 ms.
The tactile resolution assessment: the position sensed from the SITAR using
AsTeX R© board was analysed to investigate distance covered. Figure 5.22 shows the
distance covered on the AsTeX board of the ten healthy subjects using their left and
right hands to perform the AsTeX assessment. It should be noted that the total
length of the test area on the AsTeX board is 37 cm. The rank sum significance
test showed no significant difference between the left and right hand (p>0.4). The
median of distance of both left and right hands was 300± 3.5 mm.
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Figure 5.21: Distribution of duration of the peak forces observed during the trans-
portation phase of IBox for healthy participants.
Figure 5.22: Distribution of distance covered on AsTeX R© board for smoothness
detection.
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Figure 5.23: Proprioception error observed for each of the directions.
Proprioceptive assessment: figure 5.23 shows the errors of the mirrored po-
sitions of the ten healthy subjects using their left and right hands to perform
the proprioceptive assessment. Errors of right-hand for angles 0◦and 90◦ are not
significantly different from left hand (p>0.26), but are significantly different at
45◦ (p<0.04). Within the three directions, the error is significantly different (p<0.001).
The observed error is minimum for 90◦direction while it appears to be higher for
other directions.
5.3.4 Results-Stroke
This section discusses the results from the stroke population and how it varies from
baseline data of the healthy population.
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The workspace assessment: Reaching with and without the trunk restraint, fig-
ure 5.24 shows the results from the six stroke patients and the reaching distance of
ten healthy subjects as a reference. The results indicate a decrease in the reaching
distance with an increase in impairment as assessed by clinical scales. Different level
of difficulty are present in different directions.
Average reaching speed: similar to the reaching displacement, stroke participants
have lower speeds compared to healthy participants. The performance of each of
the six stroke patients is shown in figure 5.25.
Average number of drags: unlike the healthy subjects some stroke patients
dragged their hand on the screen when reaching for the endpoint. The number
of drags varied with direction for each patient and intensity. Participants 1, 3 and 6
dragged their hand to reach the final position. Subject 3 and 6 had more difficulty
in moving away from midline. However, this was not observed for subject 1 (see
figure 5.26).
Average drag time: the drag time for each patient also varied based on severity
and direction of reaching space.
Workspace area, figure number 5.28 shows result from stroke participants in
terms of total workspace area. Participants had lower workspace area when the
trunk restrained was applied and in particular for subjects with greater degree of
impairment. In some cases, the subjects appeared to have a larger area with the
trunk restraint than without it; some possible reasons for this are highlighted in
discussion.
The pick and place assessment: currently the data is being analysed for the
pick and place task. Out of the six subjects only four were able to grasp the IBox.
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Figure 5.24: The normalised reaching distance of six stroke participants. Top 1
to 6 graphs indicate stroke participants (see table 5.1) while bottom graph shows
combined healthy participants normalised reaching distance for comparison.
Here, the results of only two subjects (subject 2 and 3 - see table 5.1) are discussed.
Both subjects were only able to grab IBox in the first orientation and had difficulties
in grasping the object in the other two orientations. Reaching speed: preliminary
results show a decrease in the reaching speed for both participants when compared
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Figure 5.25: The normalised reaching speed of six stroke participants. Top 1 to 6
graphs indicate stroke participants (see table 5.1) while bottom graph shows com-
bined healthy participants normalised reaching speed for comparison.
with healthy subjects. Similarly, gripping time for both participants was also higher,
indicating an increased difficulty in grasping the IBox. For transporting time, patient
2 had a relatively slower speed while transporting the IBox compared to healthy
while participant 3 had a more similar speed to the healthy subjects.
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Figure 5.26: Average number of drags of stroke participants for the six patients.
Figure also shows drag of combined healthy subjects for all directions (bottom).
The peak force applied by the participants was also larger compared to the ref-
erence force applied by the healthy population. Lastly, the observed peak duration,
was also higher for subject 2 but subject 3 grasping was closer to the healthy par-
ticipants.
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Figure 5.27: Average number of drag times of stroke participants for each direction
for the six patients. Since no drags were observed for healthy subjects no drag time
was recorded (bottom).
Tactile resolution assessment: Out of the six subjects only four subjects had
any degree of senstivity. The tactile resolution using the AsTeX board for the four
stroke subjects (1, 4-6; see table 5.1) is given in the figure 5.30. The results indicate
a large variation in identification of tactile resolution, in particular, for participant
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Figure 5.28: Average percentage of normalised workspace area covered by stroke
participants. The average workspace area for combined healthy subjects is shown
at the bottom for comparison.
5.
Proprioception assessment: The preliminary results from the proprioception
assessment indicate higher error for the stroke participants. Relatively higher errors
and variation were observed for angle 90◦compared to 45◦ and 0◦. The general trend
appears to be an increasing error as the subject moves towards the midline. Possible
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Figure 5.29: Reach and grasp results for two stroke (2 and 3 see table 5.1) partici-
pants.
reasons behind this behaviour are explained in discussion of the chapter.
129
5. SITAR
Figure 5.30: The tactile resolution assessment results of four stroke participants (1,
4-6 left to right). Higher values indicate higher tactile resolution. The total length
of AsTex assessment area is 370 mm.
5.3.5 Assessment Measures and Clinical Scale
The results of the Fugl-Meyer scale and workspace assessment were correlated using
non-parametric Spearman correlation. The results indicate a strong correlation
between the reaching distance and the Fugl-Meyer scale (see figures 5.32 and 5.33).
The correlation results for both with and without trunk restraints correlate highly
with the Fugl-Meyer score except at 180 degrees, in which the result is not significant
but shows a similar pattern of increased reaching distance with an increase in score.
Similarly total area of workspace also has a very strong relation with Fugl-Meyer
with a correlation value greater than 0.9 for both cases.
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Figure 5.31: The proprioception results of stroke participants for the three different
directions tested.
5.4 Discussion
This section analyses the results from the pilot assessment study with SITAR, the
role of SITAR as a rehabilitation tool and outlines future developments.
5.4.1 SITAR-Pilot Assessment Study
Workspace assessment: The results of the workspace assessment using SITAR
for the healthy population indicated no significant difference between dominant and
non dominant sides for the measured reaching distance, average speed, workspace
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Figure 5.32: Correlation results with Fugl-Meyer clinical scale for reaching tasks
without trunk restraints for the five different directions.
area and for number of drags. This result is reasonable and expected as it is difficult
to isolate dominant from non-dominant side during simple ADL tasks. Generally
tasks such as writing, which necessitate a higher degree of skill, are required to
isolate dominant from non dominant side [85]. Tests with IKey object might reveal
a more distinct difference as the task requires fine manipulation. However, unlike
dominant vs. non-dominant, a significant difference was observed between with
and without trunk restraint cases with healthy subjects for reaching distance and
workspace measures, even though verbal instructions were given to not move the
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Figure 5.33: Correlation results with Fugl-Meyer clinical scale for reaching tasks
with trunk restraints for the five different directions.
trunk. No significant difference was observed for reaching speed and number of
drags. Finally, a significant difference was observed between normalised reaching
distance for different directions. This was expected because the reaching distance
without moving trunk decreases as the arm is moved contralateral to its side.
Compared to healthy participants stroke affected subjects had a less reaching
displacement, lower speed, more number of drags and greater total duration of drags
in particular for subjects with higher degree of impairment. This is in accordance
with previous assessment studies with different devices [64, 92, 96] further validating
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Figure 5.34: Correlation results with Fugl-Meyer clinical scale for workspace area
for both with and with out trunk restraint cases.
SITAR’s ability to assess motor performance. However, the effect of each measure
was not similar for each direction. More subjects are required to see if any pattern
exists along different directions.
Comparison with clinical scale Fugl-Meyer revealed a high significant correlation
between functional scales and normalised reaching distance and workspace area.
However, for the current number of subjects no significant correlation was observed
for speed and other measures. This is possibly because Fugl-Meyer assesses perfor-
mance based on functional ability to move the the upper limb to different positions
and does not take into account measures such as speed of task performance. This
does not diminish the importance of these measures and simply means that Fugl-
Meyer does not take into account these factors during assessment. Therefore, better
quantitative scales are required which can account for these types of information
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and can give a clearer and more complete picture of motor disability.
Pick and place assessment: Similar to WSA, no significant difference was found
between the left and right sides for all measures except grasping time for orientation
3. This is consistent with the general hypothesis of difficulty in isolating the domi-
nant and non-dominant hand from simple manipulation tasks. In terms of different
orientation no significant difference was observed for all the three orientations for
all measures except peak force which appears to be affected by the orientation of
the placement of box. This might be because of decreased surface area available for
grasping, which causes participants to apply larger force to avoid slippage.
In case of stroke subjects only one orientation is currently assessed. Based on
the results we can clearly see an increase in grasping force, which is an indication of
decreased sensitivity and motor control [45, 63]. A decrease in speed during lifting
and reaching phase was also observed. It still remains to be seen how these values
are affected as a result of changing orientations.
Tactile resolution assessment: The results of tactile resolution assessment for
control population show no significant difference between the left and right sides
and appear to feel smooth at an approximate mean of 300 mm. The results from
the four stroke subjects who had some sensation of touch indicate a relatively low
senstivity. However a lot of variation is observed even within the healthy population
and revision in protocol is required to make the test more sensitive. For example
the role of movement velocity on the board needs to be discussed as it appears to
have a significant affect on touch sensitivity.
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Proprioception test: The test reveals no significant difference between the left
and right sides for the healthy participants. For the stroke subjects, the error is
generally higher when compared to healthy participants. The largest difference is
observed for the 90◦ direction. One possible reason for this is the task itself is
difficult to comprehend. As 90◦ being at the center of the screen (see figure 5.10)
participants had to mirror by placing hand exactly at the same position which might
have been difficult to perceive. Also like tactile resolution, the proprioception test
has a good degree of variations even for the healthy population and hence might not
be suitable without further revision.
In summary, this pilot study demonstrates the ability of SITAR to assess the
sensory motor capability of the upperlimb. For all tests discussed, significant differ-
ences were observed between stroke and healthy populations for different measures.
Future studies with the SITAR with a larger set of subjects are required to more
clearly understand the role of each task component and related measures. Currently,
the Human Robotics Group is moving towards a large multi-center study with inter-
national collaborators to investigate the ability of the SITAR as a tool for assessing
task performance during ADL-relevant tasks.
5.4.2 SITAR for Rehabilitation and Future Work
Although the SITAR has not yet been tested as a rehabilitation tool, it was designed
keeping this role in consideration. Multiple features of SITAR will make it a valuable
tool for (semi-)independent therapy, such as: 1) The ability to observe patient’s
activity during ADL tasks; 2) Social interaction tools to guide and motivate subject
with the help of interactive screen and intelligent objects; 3) The ability to offer
136
5. SITAR
adaptive task/feedback scheduling based on performance. These features would allow
SITAR to be used by patients with minimal supervision from a human therapist.
Furthermore, since the tasks assessed and trained by SITAR are more similar to daily
routine tasks, participants using the device are more likely to find them entertaining
and interesting, which would increases the usability of the device.
Some of these developments are planed to be carried out by the Human Robotics
Group in collaboration with the research organisation Tecnalia in Spain, which will
industrialise the SITAR.
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Chapter 6
LOBSTER : LOw - cost Bimanual
System for physical - Therapy and
Enhanced Rehabilitation
Overview — This chapter presents the design of a novel bi-manual non-actuated
rehabilitation system for independent training upperlimb motor functions namely,
LOBSTER. It can be used for training hand-opening and closing, pronation-supination
and wrist flexion-extension tasks. Assistance during all these tasks are provided by
the healthy hand of the participant. The hardware and software components of
LOBSTER are discussed in detail followed by direction of future work.
Contribution to LOBSTER Based on my ideas, Julius Klein designed the Main
body of the LOBSTER. I designed the software and with Daniel Polo developed
other components of the hardware including the handles and support.
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6.1 Introduction
Humans have an excellent ability to coordinate motion between different parts of
the body, a fact observed by Woodsworth approximately 100 years ago: “ It is
common knowledge that movements with the left and right hand are easy to execute
simultaneously. We need hardly to try at all for them to be nearly the same.”
(Woodworth-1903) [97]. Walking, catching a ball, lifting a heavy object and tying a
knot are some of the examples of how effortlessly we perform coordinated tasks. In
fact, it comes more naturally to human beings than individual movements; indeed,
infants have coordinated movements of multiple limbs, it is only with age that limbs
get a higher degree of independence.
This natural ability of coordinated, symmetric motions suggests a training method
for patients affected on one arm/hand, such as in stroke survivors the contralateral
side to the brain damage. In principle, by coupling an individual’s limbs the unaf-
fected limb can guide the affected limb [98]. Multiple studies to date have indicated
positive effects of bilateral systems to improving the performance of the paretic
limb [23, 97, 99–101]. Although more work is needed to examine this question, the
results are encouraging as from certain usability aspects, it can be argued that a
bimanual approach to training is better than most actuated (complex) unimanual
systems for rehabilitation, as firstly, they give more control to the user as he/she
controls the affected extremity with the unaffected side, making it easier to practice
rehabilitation tasks independently. Secondly, it offers an opportunity to build sim-
pler low cost systems for rehabilitation (without designing complex actuated control
and safety mechanisms), making them economical for a home based environment.
This will not only help in practicing for longer periods of time but will also help
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in offering therapy in a more natural environment, which has been proven to have
significant effects on the outcomes of therapy. However, to date, most systems incor-
porate active coupling between the limbs, making them expensive, bulky and unsafe
for decentralized therapy [23, 102, 103].
In order to address this issue, this chapter presents the design and development
of a novel bimanual upperlimb rehabilitation system, namely the LOBSTER and
explains design, features, hardware and software along with on-going work.
6.2 Design Requirements for LOBSTER:
With regard to the design of the LOBSTER, the following were considered as pre-
liminary requirements:
• Mechanical inter limb coupling: a mechanical (non-motorised) transmis-
sion to transfer power and motion between the healthy and impaired limbs
(e.g. between left and right hands, or between the right hand of a therapist
and the impaired hand of a stroke patient), allowing coordinated symmetrical
or asymmetrical movements to improve motion of the impaired limbs from
training with the healthy limbs.
• A set of sensors to measure task relevant information in order to provide
guidance and feedback.
• Multisensory feedback (visual, audio and tactile): feedback based on
data extracted from the sensor signals to motivate (rehabilitative games) and
coach training (task scheduling), as well as to adapt task difficulty, letting the
healthy arm to just provide sufficient assistance for a challenging but possible
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task.
• Multiple training functions: the system should be able to address multiple
components of upper limb therapy to increase benefits of the overall device.
Based on these requirements, LOBSTER (LOw-cost Bimanual System for phys-
ical Therapy and Enhanced Rehabilitation) was designed. It is a portable, easily re-
configurable system and allows training of three upper limb movements: hand open-
ing and closing, pronation-supination and wrist flexion-extension. It is composed of
mirrored handle accessories (left and right) coupled by a cable-pulley transmission
system. Movement of a handle on either side drives the other in a direct or inverse
symmetric motion, depending on the configuration of the cable driven transmission
system. For example: with an inverse transmission setup, when the left handle is
rotated 90◦ clockwise, the right handle will follow by rotating 90◦ counter-clockwise.
One major advantage of inter limb coupling is healthy functional limb can provide
the force required to assist the impaired side, hence limiting the requirement for
external activation and thus decreasing the overall cost and increasing the safety of
the system making it more suitable for home-based environment.
Finally, sensing is achieved through mechanical transmission, and also locally
with sensors on the handle and interfaces, so simple standard commercially available
sensors can be used to yield good signal. Currently, the sensors allow measurement
of the combined coupled position of handles and torques/forces applied individually
on each handle. Feedback such as sound, light or vibration can be configured to
provide sensory information related to the performance of the patient. Additionally,
the signals from LOBSTER are transmitted to a host mobile device that processes
the information and presents it to the participant in the form of a game like interface.
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The design of LOBSTER offers the following major benefits:
• Passive thus safe: the only source of assistance in the proposed system is
the active limb, making it safe for small clinics and home-based rehabilitation.
• Motivation and objective monitoring: the proposed approach offers the
possibility of practicing the task independently in a natural environment, mak-
ing it more interesting and motivating. Sensory information can also be used
to offer a game-like environment yielding a more entertaining task for long
term motivation.
• Active Participation: passive coupling (in the sense that the transmission
does not produce movement) ensures that the force applied to assist the im-
paired side is self generated, ensuring constant active participation from the
subject.
• Adaptable task difficulty: task difficulty can be varied i) mechanically, by
using a variable transmission and/or ii) by changing the task difficulty based
on the data received from sensors (in a game like-environment).
6.3 Hardware Design
The LOBSTER hardware can be divided into three main sub components. The
main body: responsible for coupling the left and right sides. Support structure:
responsible for stabilising the main body and also for providing support components
for the participants to use the device. Handles: the different handles designed for
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Figure 6.1: LOBSTER is bimanual system for training tasks similar to hand-opening
closing (right), flexion-extension and pronation-supination (left).
the three therapy tasks (hand opening and closing, pronation-supination, flexion-
extension). Electronic components: the sensors and electronics components used
in LOBSTER and lastly the visual interface: mobile a workstation for processing
sensory information and offering interactive online visual feedback to the user. Each
of these components are explained in detail in this chapter.
6.3.1 The Main Body
Figure 6.2 shows the design of the main body of the LOBSTER. It comprises of an
aluminum solid frame in the center, linked to four single degree of freedom bars on
the left side top and bottom and mirrored right side top and bottom. Each of the
link frames can move on a circular path with the point of connection serving as the
axis of rotation. Each link frame has a pulley at the end fixed to a handle via a fixed
cylindrical bar in such a way that movement of the pulley moves the bar and hence
the attached handle in the circular path. The top linkages (left and right) are con-
nected to finger handles while those at the bottom are connected to thumb handles.
The placement of the pulleys for both top and bottom is symmetrical and hence
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the coupling principle for both hand and thumb remains the same. Furthermore, to
keep both the hand and the thumb handle axis of rotation aligned, both the top and
bottom frames on each side are fixed together with the help of a semicircular plate
with a smooth external surface for easy placement of the subjects hand as shown in
figure 6.2. This fixation allows the top and bottom linkages to always stay aligned,
keeping the hand and thumb axis of rotation aligned.
For bimanual operation, the thumb handles on the left and right sides and simi-
larly, the fingers handles on the left and right side are coupled with the help of a set
of pulley system; figure 6.2 shows the placement of pulleys. Depending on how the
cable is routed between the pulleys, both symmetric and anti-symmetric movement
coupling can be achieved. All pulleys for both thumb and hand are fixed except one
pulley in each case that is located at the centre behind the solid aluminium frame.
The pulley can translate in a linear direction, making the linking cable more tight
or loose. This provides easy placement of the cable for manufacturing purposes and
also allows a slight adjustment in stiffness of connection between both ends. The
figure 6.2 gives the overall structure of the main body.
6.3.2 The Support
The support consists of an adjustable arm support with options to adjust height,
distance from the handle and the angle of orientation; see figure 6.3 for details. The
different possible configurations allow easy adaptation to subjects with different
physical characterisation such as arm length, limb weakness etc. and also provides
options for operating with multiple users (patient-therapist and patient-patient etc.).
The support and main body are attached via hinges; allowing orientation ad-
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Figure 6.2: The LOBSTER main body consists of a symmetric mirrored structure
(between the left and right sides). Coupling between the sides is achieved with the
help of pulleys and a transmission wire. Movement of a pulley at one end drives the
pulleys at the other side, which in turn drives the handles.
justments of the main body for practicing different tasks with different set of (de-
tachable) handles, such as for wrist pronation-supination. It also adds the benefit
of compressing the LOBSTER into a compact structure for easy transportation.
6.3.3 The Handles
Handles are the most critical part of the design as they are the primary component
of the user’s interaction with the device. The ergonomics and comfort of the handles
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Figure 6.3: The LOBSTER support structure consists of an adjustable arm support
with options to configure the height, distance from the handle and the angle of
orientation.
can potentially increase or decrease the quality and quantity of therapy. An incorrect
movement might cause pain and affect learning, and on the other hand, could also
potentially decrease the subject’s affinity for the device and, hence decrease the
usage. Therefore, much consideration was given to its form with regard to comfort
and how a natural movement could be performed using a handle. In order to achieve
this goal, multiple handles were designed for the different tasks and finally, with the
design evolution the current design was achieved.
Opening-closing handles: handle design for hand opening and closing is paramount
as it involves movements of the hand and thumb which have a multiple set of is-
sues that require consideration. For the hand, a fixed handle with a fixed radius
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Figure 6.4: Hand movement of rotation is different from the LOBSTER handle of
rotation due to a different axis of rotation. Therefore, it is important to adjust the
handle radius to account for differences in hand and handle radius errors.
connected to the coupling system may not be suitable as the center of rotation of
the fingers will in general, be different from the center of rotation of the handle,
particularly in the case of LOBSTER. As a result, it is important to design a handle
that can adjust its radius to decrease any unwanted pressure on the fingers when
moving to allow the movement to be more natural (see figure 6.4). If a fixed handle
is used, the movement of the handle will be different from the center of rotation of
the fingers, making it uncomfortable for simple use.
In order to address these issues the following handle was designed. It comprises
a two layered structure with the top layer being able to freely slide on top of the
other with the help of linear guides. The bottom layer is fixed to the pulley coupling
system via a load cell, which fixes the bottom layer to the cylindrical bar of the main
body. The subject is strapped on the top layer and as the participant moves, the
top layer slides on linear guides to adjusts its radius to avoid any pressure on the
finger (see figure 6.5). The handle layers top and bottom were 3D printed and were
fixed with commercially available standard linear guides for sliding mechanism.
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Figure 6.5: When the subject is opening the top layer handle slides out to com-
pensate for increasing differences between the handle and hand (left), and similarly,
slides in when subject is closing hand (right).
Figure 6.6: The thumb handle has two degrees of freedom (DOF) along y and x
directions (right and left most) to facilitate natural thumb movements. The DOF
are implemented by joining two linear guides (center).
Similarly, the thumb also has the same issue. However, another major point to
observe for the thumb is that its movement during a opening-closing movement is
not straight and follows a slightly inclined path (see figure 6.6). A two degree of
freedom slider was designed by combining two linear guides as shown in figure 6.6.
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The configuration allows free inclined movement.
Flexion-extension handles: handle for fingers during hand opening closing is used
for flexion-extension.
Pronation-supination handles are attached as an add-on on the bottom or top of
the main body with the help of easy to manipulate screws. The focus of the current
handles is on an ergonomic feel and comfort during use. However, different kinds of
handles to accommodate for different grasping patterns can be designed and easily
attached using the same principle.
Figure 6.7: The handle for pronation-supination task.
6.3.4 Electronics
For position detection, the coupling (transmission) wire for the hand and thumb is
fixed to a linear potentiometer. Similarly, to detect the applied force on the thumb
and finger handles, load cells are placed in each of the opening-closing handles.
Data form the load cells is amplified and sent to the MIMATE board along with
data from the encoders which is then wirelessly transmitted to a mobile workstation.
The entire electronics setup of the LOBSTER is wired on the back of the support
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setup along with power On/Off button for the LOBSTER sensors.
6.3.5 Visual Interface
In order to keep the design portable and easy to manage an android-based tablet
(Samsung GALAXY TAB 10.1) is used for visual feedback. From a hardware per-
spective it is compact, lightweight and can be easily fixed to the LOBSTER via
hinges on top of the main body and can be oriented in front of the user for both
hand opening/closing and pronation/supination. The electronics communicate and
transmit information to the tablet via Bluetooth.
6.4 Software
The software for controlling the LOBSTER comprises of two parts: MIMATE
firmware and user end software. MIMATE software is discussed in chapter 3; here,
the main focus is on the interface between MIMATE and the Android based oper-
ating system and its use in designing games for assessment and rehabilitation.
Android is a Linux-based operating system designed primarily for touchscreen
mobile devices such as smart-phones and tablet computers in general systems with
limited processing power. This means that unlike a PC, the resource management
is an important constraint in the design of any application, Making the design pro-
cess relatively more complicated, particularly from a rehabilitation and assessment
perspective where constant online feedback to the subject is required of his/her per-
formance based on data recieved from the sensors. Anything that requires extensive
processing should be performed in threads (background processes) in parallel to
main execution. A non-thread based approach will make the program unresponsive
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and hence less motivating to use.
Figure 6.8: The Software of LOBSTER can be divided into two main components the
interactive graphical interface for collecting biological data and for playing interac-
tive assessment and rehabilitation games, and the background thread for processing
and collecting sensory data.
The advantages, on the other hand, of choosing portable devices over desktop
computers are that they are compact and designed to be portable. Broadly the
designed software can be divided into two main categories: The main graphical
interface with which user interacts, and a background thread where all complex
processing takes place. The graphical interface has the following structure. Bio-
graphical information: the initial activity is the user data profile which stores injury
relevant details of the subjects. Each user can create and/or select his/her pre-
viously made account and use it for the therapy session. Based on this profile,
the LOBSTER therapy/assessment main GUI is run which connects to LOBSTER
sensors (via MIMATE in the background thread) and first opens a touch sensitive
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LOBSTER-menu, designed in open source game engine, AndEngine. The menu in-
terface gives simple, standard options to select appropriate therapy or assessment
programs. The list of therapy and assessment programs the user can select from in-
clude hand opening-closing, pronation-supination and wrist flexion-extension. The
user can select the appropriate assessment and rehabilitation game from the menu.
The information relating to performance during each session of these games is stored
for therapist to view in later stages. This information is also used for rehabilitation
purposes to increase or decrease the difficulty of tasks.
Background thread: sensory data collection is a continuous process requiring
much processing which generally is not a problem for a PC but in the case of a
mobile platform where performance is critical, time consuming processing must be
performed in parallel in order to keep the interface responsive. Therefore, MIMATE
connectivity and continuous data collection is realised in separate background pro-
cesses (threads) which run in parallel to the main program and information to the
main thread is provided by a global class that takes all the information from the
sensors and passes it to the main program. Similarly, any information that needs
to be stored with sensory information is transmitted by the global class back to
the thread via this global class. Therefore, in principle the global class works as an
agent of communication between the two different threads running in parallel i.e.
the main graphical interface and background sensor collection thread. Figure 6.8
gives the overview of the structure.
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6.4.1 Assessment Software
The design of all the assessment and rehabilitation games is based on the prin-
ciple of finite state machines. The assessment exercises for pronation-supination,
flexion-extension, opening-closing are briefly discussed. In general, the idea for all
the assessment tasks is to record the current state of performance of the affected
limb using a simple game-like interface which guides the subject to perform appro-
priate movements independently. The information can be later used to adjust the
rehabilitation difficulty. During all the assessment tasks only the affected hand of
the subject is attached to the LOBSTER.
Pronation-supination assessment: the current activity for analysing pronation-
supination is designed to be cognitively simple for understanding. During the task,
the subject is asked to move as much as possible in the pronation-supination as and
when directed using the affected hand only. This is to determine the current range
of motion of the affected limb. The process is repeated three times to approximate
the average range. The information is stored to be later used for rehabilitation.
The graphical cues given to the user are kept simple (i.e written instructions and
visual cues such as change of color) in order to keep the task more comprehensible
even for the acute stage patients who are known to have difficulty in focusing on
tasks and can easily get tired. User controls a colored bar which changes color from
red to green when subject is asked to move and it moves back to red when the subject
is asked to rest (see figure 6.9). The program instructs the user to perform pronation
and supination tasks sequentially. The colour of the bar and specific instructions
on the screen prompt the user regarding when to move or return to initial position.
The final position is reached when the subject becomes static for a duration of three
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seconds.
Flexion-extension assessment: like pronation-supination, wrist flexion-extension
has a similar exercise, with the only difference being the position/orientation of
the LOBSTER. For pronation and supination the LOBSTER is rotated to have
the pronation-supination handles facing the user. The graphical interface primarily
remains the same with the major difference being in terms of visual and text based
cues to the subject which correspond to flexion-extension rather than pronation
supination.
Figure 6.9: The screen shots of LOBSTER software. The software allows each
participant to access and use their profile (top-left). Based on this profile, the main
LOBSTER therapy graphical interface is run where subject can select appropriate
tasks(top-right). The bottom two figures show screen shot of participants in different
stages of pronation task.
Opening-closing assessment: Unlike pronation-supination and wrist flexion-extension
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hand opening-closing exercise involves movement of both thumb and hand; the dif-
ference in position of both is considered for assessment and instead of one colored
bar, two bars are used to give indication of total hand opening closing. The principle
remains the same to keep uniformity i.e. subject is asked to complete hand opening
and closing three times to determine the average ability of participant to open and
close the hand.
Data from all the assessment tasks is stored in separate files for post analysis
by the therapist. Raw data from sensors is also stored in separate files for further
processing.
6.4.2 Rehabilitation Software
Currently a set of rehabilitation games is being designed for rehabilitation of assessed
functions. Like the assessment for each game, the participant is placed in front of the
subject and both the hands of the subjects are strapped to the appropriate handles
depending upon the type task.
For pronation-supination: both hands of the participant are strapped to prona-
tion/supination handles and the subject is asked to reach a fixed point on the visual
screen multiple times by pronating and or supinating (depending on the task) the
handle between the final and initial positions. Visually, the point always appears
at the same distance from the initial position but the amount of effort required to
reach this position changes by using appropriate scaling. For this task the range of
motion required to reach this position is set as 10% more than the assessed range
of motion of the subject. The task is kept slightly more difficult than the current
state for keeping the participant interested. The hypothesis is that with the cor-
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rect motivation using visual feedback, which in this case, is the amplified range of
motion, the subject can be encouraged to apply maximum effort from the affected
hand while applying minimum effort from the other hand.
At present, the rehabilitation tasks for flexion-extension and opening-closing are
being designed. For flexion-extension and opening-closing tasks it is possible to
assess the contribution of force from both hands using the attached load cells on
each handle. A torque sensor should be added in order to produce the same for the
pronation and supination. This will enable the system to assess the contribution
from each hand and use this information in order to design feedback for the subject
or to adjust the difficulty of tasks. The aim would be to use feedback in order to let
the work be gradually transferred from the unaffected to the affected hand.
Currently, the data from handle force sensors is being used to identify mecha-
nisms of interactions between hands. For example it is used to identify situations in
which both hands are working cooperatively during the task for task completion or
situations where the affected hand is working against the healthy hand or is being
completely passive. This information is necessary to determine contribution from
each hand to task completion during therapy sessions.
6.5 Discussion and Future Work
The chapter has discussed the design of a novel bimanual approach for rehabilitation
of motor functions, in particular for the upper limb. The system comprises of
features to train hand opening-closing, pronation-supination and flexion-extension.
LOBSTER is compact and low cost due to the passive transmission approach. Hence
it is more economical for home based used when compared with actuated systems.
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Moreover, as the user has full control of the device it is safe for independent use.
Nevertheless, currently the system is still currently in the design phase; although
first prototype hardware is ready, it requires modifications to account for a number
of issues including 1) stiffness of the connection, since wired mechanism is used for
coupling both sides a degree of compliance exists in the coupling which requires
characterization, 2) robustness of handles, although the principle of current handle
appears well suited for the task, current designed handles need some adjustment to
make them robust for regular use. Beside this some other minor hardware issues
need to be addressed.
Currently, we are in process of starting a feasibility study with LOBSTER to
investigate its role in delivering upper limb rehabilitation in community and hospital
settings. The main motivation for carrying out this pilot study is to investigate the
potential of using the LOBSTER independently in a decentralised environment.
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Conclusion and Future Directions
Overview — The collection of work presented in this thesis aimed at investigating
sensor based approaches for assessment and rehabilitation of sensorimotor functions.
This chapter first presents the overall summary of chapters, followed by applications
of proposed methods for addressing different aspects of neurorehabilitation. Finally,
the chapter briefly discusses possible future directions of work.
7.1 Conclusion
Technology-based interventions in rehabilitation and assessment of sensorimotor
functions has improved significantly in the last couple of decades. Multiple stud-
ies have indicated the potential of technology-based solutions to decrease the ever
increasing work-load of the therapist and allow improved and extensive therapy.
However, most of these systems have actuation-based designs and, hence, are dan-
gerous for independent use and are also expensive for the home or small clinical
environments. With recent technological advancements, it is now possible to de-
sign systems that can ensure a high quality of therapy at an economical price using
compact low cost sensors which are safe and more feasible for decentralised use. In
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parallel it is important to design more efficient measures for the assessment of dis-
ability rather than opting for conventionally used clinical scales, which not only are
time consuming and subjective, but also have low resolution and hence give little
information for devising better rehabilitation regimes.
The purpose of this thesis has been to investigate quantitative methods for the
assessment of sensorimotor functions using sensor-based systems, and to implement
economical, safe to use systems for rehabilitation of sensorimotor functions allowing
for more independent rehabilitation. This chapter gives an overview of the findings
of each chapter and their contribution, in the bigger picture of neurorehabilitation.
Finally the chapter discusses possible future directions of work.
Chapter 2: investigated role of kinetic parameters (force/torque strength and
their control) using an isometric approach to assess motor disability. In the study,
both Multi Sclerosis and healthy control subjects applied force against the designed
non-movable sensor based setup in six different directions; up, down, push, pull,
pronaton and supination. The information from these tasks was used to investigate
1) the relationship within these parameters using different measures and 2) how these
measures relate to current conventional clinical scales. The main observation from
the results indicated a strong correlation of the control and strength measures for
all directions, a good correlation with the impairment scales and a limited (partial)
relation with the activity scales. Another important but expected result from the
study was that although impairment can be approximately predicted using isometric
approach, more sophisticated kinematic approaches based around activities of daily
living are also required for accurate assessment of injury on higher levels of disability.
Hence for a complete assessment its important to assess both kinetic and kinematic
parameters preferably in an ADL type tasks.
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Some of the limitations of this study which should be addressed in future research
include the limited number of MS subjects. Moreover, most of the patients that
participated in the study had mild sensorimotor impairments and so the findings of
this study may not be generalizable to patients with severe sensorimotor deficits.
A more detailed study with a larger group of participants covering the whole MS
population spectrum may help give a more clearer picture.
Chapter 3: introduced the MIMATE, a miniature, portable hardware/ software
platform that serves as a generic basis for designing embedded rehabilitation and
assessment systems, in particular for people suffering from neurological injuries.
The main purpose of designing this interface was to have a platform that can be
used to easily develop assessment and rehabilitation devices discussed in detail in
later chapters. The potential of the device for designing sensor based systems in
this chapter is validated by its use in Human-centered Assistive and Rehabilitative
Devices (HCARD) course.
Chapter 4: presented the design, development and testing of a set of intelligent
objects for assessing and training manipulation tasks relevant to activities of daily
living. Preliminary testing of the devices for assessment showed the ability of these
system to assess different motor parameters. The pilot study with intelligent ob-
ject IKey revealed two important parameters: struggle time and the smoothness of
rotation. A substantial difference was observed in both cases between healthy and
affected populations. However, being a pilot study with limited number of subjects,
the results can not be truly generalised and need to be further investigated. Sim-
ilarly, the first prototype of the objects had multiple issues and a new versions of
the IJAR and ICAN objects are being built with more accurate force sensing abil-
ities. Future studies with these systems will give a more detailed understanding of
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different object manipulation parameters.
Although instrumentation of daily used objects can give very useful information
relevant to object manipulation, information related to interaction with the envi-
ronment (i.e. interaction with the workspace, movement of the limbs in space etc.)
is also required to give a detailed quantitative analysis of disability. This motivated
the development of the SITAR system.
Chapter 5: discussed the SITAR a compact, cost effective multi-sensor system
with capabilities for assessing complex sensorimotor impairments and functions (e.g.
reach and grasp, bimanual manipulation) for assessment and training of upper limb
motor functions. The system includes components for quantifying both kinematic
and kinetic parameters using a set of wearable sensors, a touch and force sensitive
screen, instrumented objects and kinect-based motion capture system (currently
being integrated). A preliminary study with ten healthy and six stroke participants
demonstrated the SITAR’s ability to assess the sensory motor capacity of upper
limb. One important finding of this study is ADL relevant reaching tasks relate
very strongly with the functional scales. For-example the assessed workspace has
a correlation of over 0.9 with the Fugl-Meyer scale. This is in contrast with the
isometric study in which little relation was found with functional scales. The study
also revealed a number of parameters which, although had limited relation with
clinical scale, were different for the healthy and stroke populations, highlighting
the fact that these parameters are currently not accounted for by the tested clinical
scales. Therefore, better quantitative scales are required which can account for these
information and can give a clearer and more complete picture of motor disability.
Future studies with the SITAR with a larger set of subjects is required to under-
stand more clearly the role of each task component and related measures. Currently,
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the Human Robotics Group is moving towards a large multi-center study with inter-
national collaborators to investigate the ability of the SITAR as a tool for assessing
task performance during ADL relevant tasks.
Although currently SITAR has not yet been tested as a rehabilitation device, it
offers great potential as one and was designed with this role in consideration. The
SITAR’s ability to assess ADL tasks combined with motivational interactive games
makes it very entertaining for practicing quality ensured rehabilitation exercises.
Intelligent objects used in the SITAR imitate real life objects and help build a link
between training and daily life functions. Furthermore, due to its modular structure
with different components (i.e. sensitive workspace, multiple intelligent objects ob-
jects and therapeutic games) the difficulty level can be graded in numerous ways for
the participant. From a feasibility perspective, the system itself is more economical
and safer compared to actuated systems, making it potentially suitable for indepen-
dent decentralised therapy. However, much work is required in this direction and
further studies are required to investigate its potential as a rehabilitation device.
chapter 6: presented the LOBSTER, a bimanual low cost non-actuated system
for self rehabilitation of upper limb hand functions including hand opening-closing,
pronation-supination and flexion-extension tasks. The system is compact and low
cost due to the passive transmission approach used. Hence, it is economically suit-
able for home-based use when compared to more complex actuated systems. The
quality of task performance can be assessed using the force and position sensors of
the device.
The first prototype of the hardware is ready but needs modifications to address
various hardware issues. Including compliance in coupling. The next stages of
the LOBSTER development should focus on hardware and software improvement
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followed by evaluation of its ability to be used as a tool for providing independent
therapy.
7.2 Applications in Neurorehabilitation and Fu-
ture Directions
This thesis highlighted the potential of using sensor-based systems as a tool for quan-
tifying disability and aiding post injury recovery. The collection of chapters present
a series of approaches for covering different aspects of assessment and rehabilitaion
of sensorimotor functions. The isometric approach highlighted a simple assessment
approach for characterising disability at impairment level (defined by ICF [10]) by
giving insight into subjects ability to generate and regulate force/torque. The In-
telligent objects and the SITAR presented later in the thesis offered a more ADL
based approach to assessment which is useful for characterising disability at higher
levels of disability i.e. function and activity.
From a rehabilitation perspective, the sensor based devices presented offer a more
economical (due to non actuation) and low cost alternative to currently used sys-
tems. SITAR offers a semi-autonomous method for training a large set of upperlimb
exercises with the help of its interactive environment and set of intelligent objects.
The system due to its low cost and safety is useful for small clinical environments
and/or group therapy scenarios in decentralised environments, where a therapist can
monitor multiple stroke participants while they practice training exercises with the
SITAR and can call for assistance when required. With the arm support, this system
may be able to train more functions and in a more flexible way than large robotic
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systems for the arm such as Armeo@Hocoma, for limited range of movements typical
of subacute stroke patients. LOBSTER, on the other hand, is designed to be a com-
pletely autonomous system, which can only train a limited number of functions (i.e.
hand opening closing, pronation-supination, flexion-extension). However, because
of its lower cost, compact design, it is more suited for home based environment.
Finally, although presented projects highlights the potential of sensor based sys-
tems for rehabilitation and assessment of upperlimb, it still is in preliminary stages
and a lot of work is required in both assessment and rehabilitation before these
systems can be properly used in clinical environments. Concerning the assessment,
it is first important that the future studies focus on investigating preliminary set of
tasks required to identify disability at each level of health spectrum as defined by
ICF. Second, what kind of measures should be used to assess these tasks and how
this information should be converted into meaningful information for therapist has
to be further investigated. The ongoing multi-center study with SITAR will address
some of these questions.
Similarly, for rehabilitation, although sensor based approaches offer a safe al-
ternative to actuated based devices, there remain many questions to be addressed,
including: 1) which therapy tasks/protocol should be used to maximise results of
exercise; 2) the type of feedback necessary to ensure efficient training; 3) how to
control and keep motivation to subjects train independently day after day during
months.
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The figure and the table below refer to chapter 2 of the thesis. The figure shows the
correlations between the four clinical scales used in the study and the table presents
the results of correlation for the isometric strength and control measures.
Figure 1: Relationship between the four standard clinical scales for the MS popula-
tion. The grey of background of some of the plots indicates that the both the cor-
relation coefficients corresponding to that plot are statistically significant (p <0.05)
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Table 1: Correlation of the isometric strength and control measures between the six
different directions.
Push Pull Up Down Supination Pronation
Strength 0.81* 0.787* 0.791* 0.753* 0.835* Push
0.835* 0.709* 0.659* 0.879* Pull
0.632* 0.509* 0.885* Up
0.67* 0.666* Down
0.693* Supination
Pronation
COV 0.556* 0.449 0.138 0.179 0.588* Push
0.309 0.179 0.209 0.521* Pull
0.453 0.432 0.882* Up
0.042 0.473 Down
0.571* Supination
Pronation
Direction 0.337 0.166 -0.435 0.276 0.488 Push
Control 0.476* -0.332 0.076 0 Pull
0.082 0.559* 0.309 Up
-0.068 -0.402 Down
0.546* Supination
Pronation
Sample 0.705* 0.156 0.221 0.253 0.474 Push
Entropy 0.42 0.274 0.379 0.618* Pull
0.715* 0.615* 0.659* Up
0.780* 0.771* Down
0.950* Supination
Pronation
Spectral 0.688* 0.672* 0.826* 0.824* 0.959* Push
Bandwidth 0.626* 0.453 0.709* 0.759* Pull
0.774* 0.891* 0.871* Up
0.859* 0.864* Down
0.946* Supination
Pronation
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